This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  library  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 
to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 
to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 
are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  marginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 
publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  this  resource,  we  have  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 

We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  from  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attribution  The  Google  "watermark"  you  see  on  each  file  is  essential  for  informing  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liability  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.  Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 


at|http  :  //books  .  google  .  com/ 


GIFT 
Dr.  Frank  E.  Plaisdell 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


"^-^ 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


Digitized  by  LjOOQ IC 


'>         Jr 


BEVISED     EDITION. 


INTRODUCTORY    COURSE 


OP 


NATURAL   PHILOSOPHY 

POtt  THE   USB   OP 

HIGH   SCHOOLS   AND   ACADEMIES. 

EDITED    FROM 

GANOT'S   POPULAR   PHYSIOS. 


BY 

WILLIAM   G.   PECK,   LL.D., 

l*B0FBS80R  OP  MATHEMATICS  AND  ASTRONOMY,  COLUMBIA  COLLEGE,  AND  OF 
MECHANICS  IN  THE  SCHOOL  OP  MINES. 


REYISKD    BY 

LEVI    S.    BURBANK,    A.M., 

LATE    PRINCIPAL   OF   WARREN   ACADEMY,    WOBURN,   MASS., 
AND 

JAMES   I.   HANSON,   A.M., 

PRINCIPAL    OP    THE    HIGH    SCHOOL,    WOBURN,    MASS. 


NEW   YORK  •  •  CINCINNATI  •  •  CHICAGO 

AMERICAN     BOOK     COMPANY 

raosi  THs  pRua  ov 

A.     S.     BARNES    &    CO. 


Digitized  by  VjOOQIC 


Entered  according  to  Act  of  Congress,  ha  the  yew  1860, 187A» 

Bt  WILLIAM  O.  PECK, 

fn  the  Clerk's  Office  of  the  United  States  District  Conrt  for  the  Southern  Distrtet  of 
New  York. 


OopyrigU^  1881,  6y  A,  8,  Bame$  A  Co, 


Copyright  renewed,  18C8,  by  William  G.  Pkck. 


Digitized  by  VjOOQIC 


PREFACE   TO  THE    REVISED   EDITION. 


The  revision  of  "  Peck's  Ganot "  was  b^in  by  Mr. 
BuBBANK  in  the  spring  of  1880,  and  completed  by  him 
as  far  as  the  subject  of  ^^  Ballooning/'  on  page  164, 
when  the  progress  of  the  work  was  interrupted  by  his 
death.  The  revision  of  the  remaining  portions  is  my 
own  work. 

The  essential  characteristics  and  general  plan  of  the 
book  have,  so  far  as  possible,  been  retained,  but  at 
the  same  time  many  parts  have  been  entirely  rewritten, 
much  new  matter  added,  a  large  number  of  new  cuts 
introduced,  and  the  whole  treatise  thoroughly  revised 
and  brought  into  harmony  with  the  present  advanced 
stage  of  scientific  discovery. 

Among  the  new  features  designed  to  aid  in  teaching 
the  subject-matter,  are  the  summaries  of  topics,  which « 
it  is  thought,  will  be  found  very  convenient  in  short 
reviews. 

As  many  teachers  prefer  to  prepare  their  own  ques- 
tions  on  the  text,  and  many  do  not  have  time  to  spend 
in  the  solution  of  problems,  it  has  been  deemed  expe- 
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IV  PREFACE, 

dient  to  insert  both  the  review  questions  and  problems 
at  the  end  of  the  volume,  to  be  used  or  not  at  the  dis- 
cretion of  the  instructor. 

I  desire  to  acknowledge  my  obligations  to  all  who 
have  in  any  way  given  nie  aid  and  advice  in  the  prep- 
aration of  this  revision,  and  especially  to  Professor 
Peckham,  of  Adelphi  Academy,  Brooklyn,  N.  Y.,  who 
has  kindly  looked  over  many  of  the  proof-sheets,  and 
flemished  me  with  valuable  suggestions. 

J.  I.  HANSON. 
WoBUSN.  July,  1881. 
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EDITOR'S  PREFACE. 


The  rapid  spread  of  scientific  knowledge,  and  the 
continually  widening  field  of  its  application  to  the 
useful  arts,  have  created  an  increased  demand  for  new 
and  improved  text-books  on  the  various  branches  of 
Natural  Philosophy. 

Of  the  elementary  works  that  have  appeared  within 
a  few  years,  those  of  M.  Ganot  stand  pre-eminent,  not 
only  as  popular  treatises,  but  as  thoroughly  scientific 
expositions  of  the  principles  of  Physics.  His  "  Traits 
de  Physique"  has  not  only  met  with  unprecedented 
success  in  France,  but  has  been  extensively  used  in 
the  preparation  of  the  best  works  on  Physics  that 
have  been  issued  from  the  American  press. 

In  addition  to  the  "  Traits  de  Physique,"  which  is 
intended  for  the  use  of  Colleges  and  higher  institutions 
of  learning,  M.  Ganot  has  recently  published  a  more 
elementary  work,  adapted  to  the  use  of  schools  and 
academies,  in  which  he  has  faithfully  preserved  the 
prominent  features  and  all  the  scientific  accuracy  of 
the  larger  work.     It  is  characterized  by  a  well-balanced 
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VI  PREFACE. 

distribution  of  subjects,  a  logical  development  of  scien- 
tific principles,  and  a  remarkable  clearness  of  definition 
and  explanation.  In  addition,  it  is  profusely  illustrated 
with  beautifully  executed  engravings,  admirably  calcu- 
lated to  convey  to  the  mind  of  the  student  a  clear 
conception  of  the  principles  unfolded.  Their  complete- 
ness and  accuracy  are  such  as  to  enable  the  teacher  to 
dispense  with  much  of  the  apparatus  usually  employed 
in  teaching  the  elements  of  Physical  Science. 

In  preparing  an  American  edition  of  this  work  on 
Popular  Physics,  it  has  not  been  the  aim  of  the 
editor  to  produce  a  strict  translation.  No  effort,  how- 
ever, has  been  spared  to  preserve  throughout,  the  spirit 
and  method  of  the  original  work.  No  changes  have 
been  made,  except  such  as  have  seemed  calculated  to 
harmonize  it  with  the  system  of  instruction  pursued  in 
the  schools  of  our  country. 

By  a  special  arrangement  with  M.  Ganot,  the  Amer- 
ican publishers  are  enabled  to  present  facsimile  copies 
of  all  the  original  engravings. 

New  York,  June  1, 1860. 
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ELEMENTARY   PHYSICS. 


CHAPTER   I. 

PROPERTIES    OF    MATTER. 
SECTION    I.  —  DEFINITIONS   AND   GENERAL   PROPERTIES  OF  MATTER. 

1.  Physics  —  Physical  Agents.  —  Natural  Philos- 
ophy, OR  Physics,  treats  of  the  general  properties  of 
bodies,  and  of  the  causes  that  modify  these  properties 
without  altering  their  constitution. 

The  principal  causes  that  modify  the  properties  of 
bodies  are:  Gravitation^  Heat^  Lights  and  Electricity, 
These  causes  are  called  Physical  Agents  or  Forces. 

2.  A  Body  is  a  collection  of  material  particles;  as  a 
stone,  or  a  block  of  wood.  A  body  which  is  exceedingly 
small  is  called  a  Material  Point. 

3.  Molecules  and  Atoms. — Bodies  are  made  up  of 
small  particles,  called  Molecules^  and  these  again  are  com- 
jjosed  of  still  smaller  elements,  called  Atoms. 

A  molecule  is  the  smallest  particle  of  matter  that  can  exist  by 
itself. 

An  atom  is  the  smallest  particle  of  matter  that  can  exist  in 
combination. 

A  molecule  may  consist  of  two  or  more  atoms  of  the  same  kind 
of  matter,  or  it  may  be  composed  of  several  atoms  of  diflferent  kinds ; 
thus,  a  molecule  of  sulphur  is  a  combination  of  two  atoms  of  sulphur, 
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4     GENEBAL  PEOPEETIES  OF  MATTEB. 

but  a  molecule  of  common  salt  consists  of  an  atom  of  the  metal 
sodium  combined  with  an  atom  of  chlorine. 

Atoms  are  joined  and  held  together  by  a  kind  of  attraction  called 
chemical  affinity. 

Molecules  are  kept  in  place  by  the  action  of  two  opposing  forces, 
molecular  attraction  and  molecular  repulsion. 

4.  Mass  and  Density.  —  The  Mass  of  a  body  is  the 
quantity  of  matter  which  it  contains. 

The  Density  of  a  body  is  the  degree  of  closeness  of  its 
particles. 

Different  bodies,  having  the  same  volume,  contain  very  different 
quantities  of  matter ;  for  example,  a  cubic  inch  of  lead  contains 
nearly  eleven  times  as  much  matter  as  a  cubic  inch  of  water.  The 
masses  of  bodies  are  proportional  to  their  weights. 

Those  bodies  in  which  the  particles  are  close  together  are  said  to 
be  dense  ;  thus,  platinum  and  mercury  are  d^nse  bodies.  Those  in 
which  the  particles  are  not  close  together  are  said  to  be  rare  ;  thus, 
steam  and  air  are  rare  bodies.  The  densities  of  bodies  having  the 
same  bulk  are  proportional  to  their  weights. 

5.  Three  States  of  Bodies. — Bodies  may  exist  in 
three  different  states,  solid^  liquid^  and  aeriform. 

Solid  bodies  tend  to  retain  a  permanent  form,  because 
their  molecules  are  held  together  by  forces  of  attraction  which 
are  greater  than  the  repellent  forces  that  would  tend  to  sepa- 
rate them. 

In  Liquids  the  attractive  and  repellent  forces  are  nearly 
balanced,  and  their  molecules  move  freely  among  one  another. 
•  Liquids  have  no  tendency  to  retain  a  permanent  form,  but 
assume  at  once  the  form  of  the  containing  vessel. 

In  Aeriform  bodies  the  repellent  are  more  powerful  than 
the  attractive  forces,  and  their  molecules  constantly  tend  to 
separate  and  occupy  a  greater  space.  Air  and  all  gases  and 
vapors  are  examples  of  aeriform  bodies. 

The  term  Fluid  is  applied  to  both  liquid  and  aerifonn  bodies. 

Many  bodies  may  exist  in  eveiy  one  of  the  three  states  in  succession. 
Thus,  if  ice  be  heated  until  the  repellent  forces  balance  those  of  at- 
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traction,  it  passes  into  tlie  liquid  state  and  becomes  water ;  if  still 
more  heat  be  applied,  the  repellent  forces  prevail  over  those  of  at- 
traction, and  it  passes  into  the  state  of  vapor  and  becomes  steam, 

GENERAL    PKOPEIITIES    OF   BODIES. 

6.  The  most  important  properties  which  all  bodies  possess 
are :  Extension,  Weight,  Impenetrability,  Inertia,  Porosity, 
Divisibility,  CompressibiUty,  Expansibility,  and  Elasticity. 

7.  Extension  .is  the  property  by  virtue  of  which  a  body 
occupies  space. 

Magnitude  and  Form  depend  upon  Extension. 

To  occupy  space  a  body  must  have  the  three  dimensions,  length, 
breadth,  and  thickness.  The  space  occupied  by  a  body  is  called  its 
volume. 

8.  English  Measures.  —  For  the  purix)se  of  measuring 
the  dimensions  of  bodies  a  standard  unit  of  length  is  needed. 

In  England  and  the  United  States  the  yard  has  been  adopted  as 
the  standard  unit,  and  Math  its  divisions  and  multiples  is  in  common 
use. 

9.  The  Metric  System.  —  This  system  is  in  general  use 
in  France  and  in  most  of  the  countries  of  Europe. 

It  is  adopted  by  scientific  writers  everywhere,  and  will 
probably  soon  come  into  general  use  throughout  the  civilized 
world.  Its  use  in  the  United  States  lias  been  legalized  b}^ 
act  of  Congress. 

The  unit  of  this  system  is  the  jneteVj  which  is  the  ten-milHonth 
part  of  a  quadrant  of  that  meridian  of  the  earth  which  passes  through 
Paris.     It  is  equal  to  39.37  inches,  nearly. 

Its  divisions  and  multiples  vary  in  a  tenfold  ratio,  and  from 
these  all  the  measures  of  surface,  volume,  and  weight  are  derived. 
The  nomenclature  is  derived  from  the  Greek  and  Latin  numerals. 
The  Greek  prefixes  deka  (iO),  hekto  (iOO),  kilo  (1000),  and  myria 
.  (10,000),  are  used  for  the  multiples^  and  the  Latin  prefixes  deci  (^), 
centi  (i^)j  milli  (ytj^t);  are  used  for  the  divisions  of  the  unit. 

10.  Metric  Measures  of  Length.  —  In  the  following 
table  the  several  denominations  of  linear  measure  are  given 
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in  their  order,  with  the  English  equivalents,  and  the  abbrevi« 
ations  used. 


1  Millimeter    (mm.)  =  0.001  m. 

■= 

0.03937  inch 

1  Centimeter  (cm.)    =  0.01    m. 

= 

0.3937      '' 

1  Decimeter    (dm.)   =0.1      m. 

=r 

3.937       - 

1  Meter           (m.)     =1.        m. 

= 

39.37 

1  Dckameter  (Dm.)  =        10  m. 

= 

;i937 

J  Hektometer  (Hm.)  =      100  ui. 

■=. 

328  ft.  1  in 

1  Kilometer     (Km.)  =    1000  m. 

= 

3280  ft. 

1  Myriametcr  (Min.)  =  10000  m. 

= 

C.2I37  miles 

.-*  — 

10  — 

CO 

^  — 

w 

1 
1 

I 

I 
I 

19 

b> 

<o 

1 

I 
I 

\ 

I 

1 

Fig.  1. 


In  the  figure  in  the  margin  one  decimeter  is 
compared  with  a  scale  of  inches.  It  will  bo 
seen  that  the  decimeter  is  a  little  less  than  4 
Inches. 

With  the  square  meter  and  the  cubic  meter 
as  units,  tables  are  constructed  for  the  measures 
of  surface  and  volume,  in  the  same  way  as  with 
the  English  measures;  the  ratio  100  (iO*) 
being  used  for  surface  measures,  and  1000 
(10*),  for  volumes. 

Thus,  100  square  millimeters  =  1  square 
centimeter,  etc. ;  1000  cubic  millimeters  = 
1  cubic  centimeter,  etc. 

II.  Measures  of  Capacity. —  For 
measuring  articles  which  by  the  English 
system  are  sold  by  dry  or  liquid  measure, 
the  unit  adopted  is  the  liter ^  which  is  equal 
to  one  cubic  decimeter. 

The  denominations  are  as  follows. 
Ratio  10. 

(nil.)  =        1  cubic  centimeter 

(cl.)  =   10  "     " 

(dl.)  =  100  "     '' 

(1.)  =  1000  *'     '' 

10 

100 

1 


1  Milliliter 

1  Centiliter 

I  Deciliter 

1  Liter 

1  Dekaliter  (Dl.)  = 

1  HektoHter  (HI.)  = 

I  Kiloliter     (Kl.)  = 


decimeters 


meter 
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The  liter  is  equal  to  1.0567  liquid  quarts,  or  0.908  of  a  dry  quart. 
It  may  therefore  be  used  conveniently  in  place  of  both. 

12.  Weight.  — A  body  falls,  when  not  siippoi-ted,  because 
it  is  attracted  toward  the  centre  of  the  earth.  When  it  rests 
upon  another  body  or  upon  the  surface  of  the  eartli,  its  ten- 
denc}'  to  fall  is  not  destroyed,  and  it  presses  downward  with 
a  force  pmportioned  to  the  degree  in  which  it  is  attracted. 

Hence  weight  is  the  measure  of  the  earth's  attraction.  The 
term  weight  is  commonly  used  in  this  limited  sense,  but,  since 
the  attraction  of  gravitation  is  universal,  a  body  would  have 
weight  if  placed  on  or  near  the  surface  of  any  of  the  planets 
or  other  heavenly  bodies. 

The  unit  of  weight  in  the  English  system  is  the  avoirdupois  pound 
of  7000  grains.  In  the  Metric  System  the  unit  adopted  is  the  gi'am, 
wh5ch  is  the  weight  of  one  cubic  centimeter  of  distilled  water  at  its 
greatest  denshy,  that  is,  at  the  temperature  of  39.2°  Fahrenheit  or 
4°  Centigrade. 

13.  Metric   Table   of  Weight.  —  Ratio  10. 


One  Milligram     (nig.) 

= 

0.0154  grain 

^*   Centigram   (eg.) 

= 

0.1543      " 

**   Decigram     (dg.) 

= 

1.5432      " 

•*    Gram          (g.) 

= 

15.432       '' 

»*   Dekagram  (Dg.) 

= 

0.3527  ounce  av. 

**   Hektogram  (Hg.) 

= 

3.5274      "        '' 

"   Kilogram     (Kg.) 

= 

2.204()  pounds  av. 

**   Myriagram  (Mg.) 

= 

22.046        " 

''   Quintal        (Q.) 

= 

220.46         *^ 

**   Tonneau      (T.) 

= 

2204.6           "        *' 

14.  Impenetrability  is  that  property  by  virtue  of  which 
no  two  bodies  can  occupy  the  same  place  at  the  same  time. 
This  property  is  self-CAadent,  although  phenomena  are  ob- 
served which  would  seem  to  conflict  with  it.  Thus,  when  a 
pint  of  alcohol  is  mixed  with  a  pint  of  water,  the  volume  of 
the  resulting  mixture  is  less  than  a  quart.  This  diminution 
of  volume  arises  from  the  particles  of  one  of  the  fluids  insin- 
uating themselves  between  those  of  the  otlier ;  but  it  is  clear 

d  by  Google 


Digitized  b 


8  GENERAL  PBOPERTIES  OF  MATTER, 

that  where  a  particle  of  alcohol  is,  there  a  particle  of  water 

cannot  be. 

It  may  be  shown  by  several  simple  experiments  that  air  and  water 

cannot  occupy  the  same  spac«.     Invert  a  glass  tumbler  and  press  it 

downward  into  a  vessel  of  water.  The  water  will  not  enter  and  fill 
the  tumbler.  Close  one  end  of  a  glass  tube 
with  the  thumb  and  thrust  the  other  end  into 
the  water.  The  water  cannot  fill  the  tube 
while  the  air  is  retained.  Remove  the  thumb 
so  that  the  ah"  cun  escape,  and  the  water  will 
immediately  rise  and  fill  the  tube.  Pass  a  fun- 
nel through  a  cork  fitted  air-tight  to  a  bottle. 
Let  a  bent  tube  pass  through  another  hole  in 
the  cork,  and  at  the  other  end  dip  into  a  tum- 

,,.    7,  bier  of  water,  as  shown  in  Fie.  2.     If  then 

hig.  2.  y        1  o 

water  is  poured  into  the  funnel,  as  fast  as  it 
enters  the  bottle  air  will  escape  in  bubbles  from  the  end  of  the  tube 
in  the  tumbler. 

15.  Inertia  is  the  tendency'  which  a  bod}'  has  to  maintain 
its  state  of  rest  or  motion.  If  a  body  is  at  rest  it  has  no 
power  to  set  itself  in  motion,  or  if  it  is  in  motion  it  has  no 
power  to  change  either  its  rate  of  motion  or  the  direction  in 
which  it  is  moving.  Hence,  if  a  body  is  at  rest,  it  will  re- 
main at  rest,  or  if  in  motion,  it  will  move  on  unifoimly  in  a 
straight  line  until  acted  upon  by  some  force. 

The  reason  why  we  do  not  see  bodies  continue  to  move  on  uni- 
formly in  straight  lines,  when  set  in  motion,  is  that  they  are  continu- 
ally acted  upon  by  forces  which  change  their  state  of  motion.  Thus, 
a  ball  thrown  from  the  hand,  besides  meeting  with  the  resistance  of 
the  air,  is  continually  drawn  downwards  by  the-  attraction  of  the 
earth,  till  at  last  it  is  brought  to  rest. 

Many  familiar  phenomena  are  explained  by  the  principle  of  in- 
ertia. For  example,  when  a  vehicle  in  motion  is 'suddenly  arrested, 
loose  articles  in  it  are  thrown  to  the  front,  because  they  tend  to  keep 
the  motion  which  they  had  acquired. 

If  a  person  jumps  from  a  car  in  rapid  motion,  he  is  likely  to  be 
thrown  violently  to  the  ground  ;  for  his  body  retains  its  onward  mo- 
tion, while  his  feet  arc  stopped  by  striking  the  ground. 
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Let  a  card  with  a  a»in  placed  upon  it  be  balanced  on  one  of  the 
fingers  of  the  left  hand;  then  snap  it  suddenly  with  the  middle  finger 
of  the  right  hand,  as  represented 
in  Fig.  3.  If  struck  evenly  and 
carefully  the  card  will  fly  away, 
leaving  the  coin  balanced  upon  the 
finger.  In  this  experiment  the  in- 
ertia of  the  coin  is  not  ovcrootne 
by  the  slight  frictkm  of  the  card, 
and  it  therefore  remains  nearly 
where  it  was  first  placed  on  the       ^  p-     3 

finger. 

16.  Porosity  is  thai  property  of  a  body  by  which  spaces 
exist  between  its  molecules. 

All  bodies  are  more  or  less  porous. 

Actual  cavities  or  cells  that  are  visible  arc  called  Sensible 
Pores.  The  invisible  spaces  that  separate  all  the  molecules 
of  a  body  are  called  Physical  Pores, 

The  metals,  in  which  no  pores  can  be  seen  even  by  the  aid  of  the 
most  powerful  microscope,  are  shown  to  be  porous  by  the  fact  that  by 
great  pressure  liquids  and  gases  may  be  made  to  pass  through  them. 

17.  Divisibility. — All  bodies  ai-e  capable  of  being  di- 
vided and  subdivided  ;  and  in  many  cases  the  parts  that  may 
be  obtained  are  of  almost  inconceivable  minuteness. 

The  following  examples  serve  to  show  the  extreme  smallness  of 
the  molecules  of  matter.  A  single  grain  of  carmine  imparts  a  sensi- 
ble color  to  a  gallon  of  water ;  this  gallon  of  water  may  be  separated 
into  a  million  of  drops,  and  if  we  suppose  each  drop  to  contain  ten 
particles  of  carmine,  which  is  a  low  estimate,  we  shall  have  divided 
the  grain  of  carmine  into  ten  millions  of  molecules,  each  of  which  is 
visible  to  the  naked  eye. 

The  micix)s<^ope  reveals  to  ns,  in  certain  vegetable  infusions,  ani- 
malcules so  small  thjit  several  hundreds  of  them  can  swim  in  a  drop  of 
water  that  adheres  to  the  point  of  a  needle.  These  little  animals 
are  capable  of  motion,  and  even  of  preying  upon  each  other ;  they 
therefore  possess  organs  of  motion,  digestion,  and  the  like.  How 
minute,  then,  must  be  the  molecules  which  go  to  make  up  these 
organs ! 
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10  GENERAL  PROPERTIES  OF  MATTER. 

A  grain  of  musk  is  capable  of  diffusing  its  odor  through  an  apart- 
ment for  years,  with  scarcely  an  appreciable  diminution  of  its  weight. 
This  shows  that  the  molecules  of  musk  continually  given  off  to  re- 
plenish the  odor  are  of  inconceivable  smallness. 

The  blood  of  animals  consists  of  minute  red  globules  swimming 
in  a  serous  tiuid ;  these  globules  are  so  small  that  a  drop  of  human 
blood  no  larger  than  the  head  of  a  small  pin  contains  at  least 
50,000  of  them.  In  many  animals  these  globules  are  still  smaller ; 
in  the  umsk  deer,  for  example,  a  single  drop  of  blood  of  the  size  of  a 
pin's  head  contains  at  least  a  million  of  them. 

i8.  Compressibility  is  the  property  of  being  reduced  to 
a  smaller  space  by  pressure.  This  property  is  a  consequence 
of  porosity,  and  the  change  of  bulk  comes  from  the  particles 
being  brought  nearer  together  by  the  pressure.  Sponge, 
india-rubber,  cork,  and  elder-pith  are  examples  of  compres- 
sible bodies ;  the}-  may  be  sensibly  diminished  in  volume  by 
the  pressure  of  the  fingers.  Gases  are,  however,  the  best 
examples  of  compressible  bodies. 

Some  of  the  gases  may  be  reduced  to  Uquids  by  pressure  alone ; 
and  recent  experiments  have  proved  that  all  the  gases  known  cau 
be  liquefied  by  great  pressure  aud  intense  cold  combined. 

Liquids  are  but  slightly  compressible ;  but  careful  experiments 
have  shown  that  they  yield  somewhat  to  great  pressure. 

Metals  are  compressible,  as  is  shown  in  the  process  of  stamping 
coins,  medals,  and  the  like. 

19.  Expansibility  is  the  property  which  a  body  possesses 
of  increasing  in  bulk  or  volume  under  certain  circumstances. 

All  bodies  expand  on  being  heated. 

Gases  expand  most,  liquids  next,  and  solids  least,  when 
subjected  to  the  same  degree  of  heat.  The  molecules  of  air 
and  the  gases  constantly  repel  each  other,  so  that  these  sub- 
stances have  a  continual  tendency  to  increase  in  volume,  even 
without  the  influence  of  heat. 

The  following  experiment  illustrates  this  property  of  air.  A  small 
rubber  bag,  nearly  empty  and  fastened  at  the  neck  with  a  stop-cock, 
is  placed  under  the  receiver  of  an  air-pump.      Then  let  the  air  be 
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pumped  out  from  the  receiver,  so  that  it  uo  longer  exerts  pressure 
ou  the  outside  of  the  bag,  and  the  air  within  will  expand  and  fully 
inflate  the  bag. 

Other  examples  of  expansibility  will  be 
given  hereafter  in  illustrating  the  effects  of 
heat. 

20.  Elasticity  is  the  property  which 
bodies  possess  of  recovering  their  origi- 
nal shape  and  size  after  having  been 
either  compressed  or  extended. 

Bodies  differ  in  their  degree  of  elas- 
ticit}',  yet  all  are  more  or  less   elastic.  ^^^'  ^ 

India-mbber,  ivory,  and  whalebone  are  examples  of  highl}- 
elastic  bodies.  Putty  and  clay  are  examples  of  those  which 
are  only  slightl}'  elastic. 

If  air  be  compressed,  its  elasticity  tends  to  restore  it  to  its  original 
bulk ;  this  property  has  been  utilized  in  making  air-beds,  air-cush- 
ions, and  even  in  forming  car-springs.  If  a  spring  of  steel  be  bent, 
its  elasticity  tends  to  unbend  it ;  this  principle  is  employed  in  giving 
motion  to  watches,  clocks,  and  the  like.  If  a  body  be  twisted,  its 
elasticity  tends  to  untwist  it,  as  is  observed  in  the  tendency  of  yarn 
and  thread  to  untwist ;  this  principle,  under  the  name  of  torsion,  is 
used  to  measure  the  deflective  force  of  magnetism.  If  a  body  be 
stretched,  its  elasticity  tends  to  reduce  it  to  its  original  length,  as  is 
shown  by  stretching  a  piece  of  india-rubber,  and  then  allowing  it  to 
contract. 

We  see  that  the  elasticity  of  a  body  may  be  brought  into  play  by 
four  diflerent  methods :  hy  pressure,  hy  flexure  or  bending,  by  torsion 
or  twisting,  and  by  tension  or  stretching.  In  whatever  way  it  may 
be  developed,  it  is  the  result  of  molecular  displacement.  Thus, 
when  air  is  compressed,  the  repulsions  between  the  molecules  tend  to 
expand  it.  Again,  when  a  spring  is  bent,  the  particles  tm  the  out- 
side are  drawn  asunder,  whilst  those  on  the  inside  are  pressed  to- 
gether ;  the  attractions  of  the  fonner  and  the  repukions  of  the  latter 
tend  to  restore  the  s])ring  to  its  original  shape. 

The  most  elastic  bodies  are  gases ;  after  them  come  tempered  steel, 
whalebone,  india-rubber,  ivory,  glass,  etc. 

Fig.  5  illustrates  the  method  of  showing  that  ivory  is   elastic. 
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Fig.  6. 


and  at  the  same  time  that  tlic  cause  of  its  elasticity  is  molecu- 
lar displacement.     It  reprcscuts  a  ptilished  plate  of  marble,  over 

whicli  is  spread  a  thin  layer  of 
oil.  If  a  ball  of  ivory  be  let  fall 
u^Miii  it  from  different  heights,  it 
will  at  each  lime  rebound,  leav- 
ing a  curcular  impression  on  the 
plate,  which  is  the  larger  as  the 
ball  falls  from  a  greater  height. 
This  experiment  shows  that  the 
ball  is  Hatteued  each  time  by  the 
fall,  that  the  flattening  increases 
as  the  height  increases,  and  that 
the  repellent  action  of  the  com- 
pressed molecules  causes  it  to  re- 
bound. 

The  projwrty  of  elasticity  is 
utilized  in  the  arts  in  a  great 
variety  of  ways.  When  a  cork  is  foi*ced  into  the  mouth  of  a  bottle, 
its  elasticity  ciiuses  it  to  expand  and  till  the  nwk  so  as  to  i-ender  it 
both  water  and  air  tight.  It  is  the  elasticity  of  air  that  causes  india- 
rubber  balls,  filled  with  air,  to  rel>ound  when  thmwn  upon  hard 
substances.  It  is  the  elasticity  of  steel  that  renders  it  of  use  in  springs 
for  moving  machinery,  as  well  as  for  easing  the  motion  of  carriages 
viver  rough  roads.  It  is  the  elasticity  of  cords  that  rendem  them 
stuitable  for  musical  instruments.  It  is  the  elasticity  of  air  thnt  ren- 
ders it  a  fit  vehicle  for  transmitting  sound. 

Summary.  — 

Physical  Agents  or  Forces. 

A  B(Hly. 
Molecules  and  Atoim. 
Mass  and  Density. 
Three  States  of  Bodies. 
Gkneral  Propeutiks  ok  Bodies. 
Extension.  —  Maa:nitude.  —  Form. 

Entilish  Measures. 

The  Metric  System. 

The  Metric  Table  of  Length. 

Measures  of  Capacity.  —  Metric  Table. 

Digitized  by  VjOOQIC 


COHESION  AND  ADHESION,  13 

Weight    Units  of  Weight. 

Metric  Table  of  Weight. 
Impenetrability,     Experiments. 
Inertia.     Illustrations. 
Porosity,     Sensible  Pores. 
Physical  Pores. 
Divisibility.     Illustrations. 
Compressibility. 
Expansibility  of  Gases. 
"  "  Liquids. 

''  ''  Solids. 

Elasti<nty  of  Pressure. 
''  ''  Tension. 
**  *^  Torsion. 
<■'        "  Flexure. 


SECTION    II.  —  SPECIFIC    PROPERTIES   OF   MATTER. 

21.  The  specific  or  characteristic  properties  of  matter 
depend  upon  certain  forces,  which  are  continually  acting 
between  the  molecules  of  bodies.  Those  which  cause 
the  molecules  to  attract  one  another  are  called  Molecular 
Forces.  They  are  Cohesion,  Adhesion,  and  Chemical 
AflBnity.     These  act  only  at  insensible  distances. 

The  ultimate  particles,  even  of  solid  bodies,  do  not  touch  one 
another,  but  are  kept  in  place  by  the  combined  action  of  forces 
of  attraction  and  repulsion.  Heat  is  the  repellent  force  that  tends 
to  separate  the  molecules :  although  not  usually  classed  as  a  molec- 
ular force,  it  here  acts  as  one,  and,  like  those  mentioned,  at  insensi- 
ble distances.  Chemical  affinity  belongs  to  Chemistry,  and  will  not 
be  considered  here. 

22.  Cohesion  and  Adhesion.  —  Cohesion  is  the  force 
that  holds  molecules  of  the  same  kind  together. 

Adhesion  holds  unlike  molecules  together. 

The  permanent  form  of  solid  bodies  depends  upon  cohesion, 
which  binds  the  particles  together  and  keeps  them  in  place. 

If  a  solid  body  be  broken  or  divided  in  any  way,  the  parts  cannot, 
in  general,  be  made  to  cohere  by  simply  bringing  them  together. 
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The  reason  is  that  the  molecules  are  not  brought  near  enough  to 
each  other  for  cohesion  to  act.  In  the  case  of  certain  bodies,  how- 
ever, the  parts  may  be  brought  within  the  range  of  molecular 
attraction,  by  pressure,  by  partial  melting,  or  by  simple  contact. 

Two  pieces  of  lead  with  smooth,  freshly  cut  surfaces  will  cohere 
strongly  if  pressed  fiiinly  together.  Several  pieces  of  iron  may  be 
formed  into  one  coherent  mass  by  the  process  of  welding,  in  which 
the  parts  are  softened  by  intense  heat,  and  then  hammered  together. 

If  a  piece  of  pure  india-rubber  be  cut  in  two,  and  the  parts  brought 
together  again,  they  will  unite  and  cohere  strongly. 

The  force  of  adhesion  gives  value  to  mortar,  glue,  and  all 
kinds  of  cements. 

Solution  is  due  to  adhesion.  Thus,  when  sugar  dissolves 
in  water,  it  is  because  the  adhesion  between  the  molecules  of 
sugai-  and  water  is  stronger  than  the  cohesion  between  the 
molecules  of  sugar.  When  a  liquid  tends  to  spread  over  the 
surface  of  a  solid  it  is  said  to  wet  it,  as  water  upon  glass.  If 
it  gathers  in  globules  it  does  not  wet  it,  as  quicksilver  upon 
glass. 

In  the  first  case  the  force  of  adhesion  between  the  water  and  the 
glass  overcomes  the  force  of  cohesion  which  would  tend  to  collect 
the  water  in  globules.  In  the  second  case  the  formation  of  the 
globules  shows  that  the  force  of  cohesion  in  the  mercury  is  greater 
than  that  of  adhesion  between  the  glass  and  the  mercury. 


Fig.  6. 


Fig.  7. 


Fig.  8. 


23.    Capillarity.  —  When   a    body  is    plunged    into    a 
liquid  which  is  capable  of  wetting  it,  as  when  a  glass  ixxi  is 
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plunged  into  water,  it  is  observed  tliat  the  liquid  is  slightl}' 
elevated  about  the  body,  taking  a  concave  form,  as  shown  in 
Fig.  6. 

If  a  hollow  tube  is  used  instead  of  a  rod,  the  liquid  will 
also  rise  in  the  tube,  as  shown  in  Fig.  7.  The  smaller  the 
bore  of  the  tube,  the  higher  will  the  liquid  rise,  and  the  more 
concave  will  be  its  upper  surface.  A  tube  one  hundredth 
of  an  inch  in  diameter  will  support  a  column  of  water  four 
inches  high. 

lustead  of  a  tube  two  plates  of  glass  brought  very  near  together 
may  bo  placed  in  water,  and  the  water  will  rise  in  the  space  between 
them.  The  nearer  the  plates,  the  higher  the  liquid  will  rise.  Two 
plates  one  hundredth  of  an  inch  apart 
will  support  a  column  of  water  two 
inches  in  height.  If  the  plates  are  in 
contact  at  the  edges  on  one  side,  and 
slightly  separated  at  the  other,  as  shown 
in  Fig.  9,  the  water  takes  the  shape  of 
a  curve  called  the  hyperbola. 

When  a  tube  is  plunged  into  a  liquid 
which  is  not  capable  of  wetting  it,  as 
when  glass  is  plunged  into  quick- 
silver, the  liquid  b  depressed  both  ou 
the  outside  and  on  the  inside,  taking  a  convex  suiface,  as  shown  in 
Fig.  8.  The  smaller  the  tube,  the  greater  will  be  the  depression, 
and  the  more  convex  will  be  the  upper  surface. 

24.  Applications  of  Capillarity. —  It  is  in  consequence  of 
capillary  action  that  oil  is  raised  through  the  wicks  of  lamps,  to 
supply  the  flame  with  combustible  matter.  The  fibres  of  the  wicks 
leave  between  them  a  species  of  capillary  tubes,  through  whicli  the 
oil  rises. 

If  a  piece  of  sugar  have  its  lower  end  dipped  in  water,  the  water 
will  rise  through  the  capillary  interstices  of  the  sugar  and  fill  them. 
This  drives  out  the  air  and  renders  the  sugar  more  soluble  than  when 
plunged  dry  into  water,  in  which  case  the  contained  air  resists  the 
absorption  of  water,  and  retards  stdutiou. 

If  a  bar  of  lead  be  bent  into  the  form  of  a  siphon,  and  the  short 
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arm  be  dipped  into  a  vessel  of  mercury,  the  mercury  will  rise  into 
the  lead  by  capillary  action,  and  flowing  over  the  edge  of  the  vessel 
will  descend  along  the  lower  branch  and  escape  from  the  lower 
extremity.  In  this  way  the  vessel  may  be  slowly  emptied  of  the 
quicksilver. 

Many  fluids  may  be  drawn  over  the  edges  of  the  containing  vessels 
by  a  siphon  of  candle- wicking  or  other  capillary  substance. 

25.  Absorption  is  the  penetration  into  a  porous  body,  of 
any  foreign  bod}',  whether  solid,  liquid,  or  gaseous. 

Carbon,  in  the  form  of  charcoal,  has  a  great  capacity  for 
absorbing  gases.  If  a  burning  coal  be  introduced  into  a  bell- 
glass  filled  with  carbonic  acid  collected  over  mercury*,  the 
volume  of  the  gas  is  diminished  bj'  being  absorbed  b\^  the 
coal.  It  is  found  that  the  charcoal  absorbs  in  this  way  thirtj- 
five  times  its  own  volume  of  the  gas.  Charcoal  also  absorbs 
other  gases  in  even  still  greater  quantities. 

Spong}'  platinum  absorbs  hydrogen  so  rapidly  as  to  heat 
the  platinum  red-hot. 

In  vegetables  and  animals  we  have  many  examples  of  absorption. 
The  roots  of  plants  absorb  from  the  earth  the  material  necessary  to 
the  growth  of  the  stem  and  branches. 

In  the  animal  world,  absorption  plays  an  important  part  in  the 
process  of  nutrition  and  growiih.  Animal  tissues  also  absorb  solid 
substances.  For  example,  workmen  engaged  in  handling  lead  ab- 
sorb through  the  skin  and  lungs  more  or  less  of  this  substance,  which 
often  gives  rise  to  very  serious  diseases. 

When  vegetable  and  animal  substances  absorb  water,  they  gen- 
erally augment  in  volume.  This  fact  explains  many  phenomena  of 
daily  observation. 

If  a  large  sheet  of  paper  be  moistened,  it  increases  in  size,  and 
again  contracts  when  dried.  This  property  is  employed  by  draughts- 
men to  stretch  paper  on  boards.  The  paper  is  moistened,  and  after 
being  allowed  to  expand,  its  edges  are  glued  to  a  drawing-board ; 
on  drying  it  is  stretched,  forming  a  smooth  suiface  for  drawing  upon. 
The  same  property  causes  the  paper  to  peel  from  the  walls  of  a  room 
when  exposed  to  moisture. 

When  a  workman  would  beud  a  })iecc  of  wood,  he  dries  one  side 
and  moistens  the  otlier.     The  side  which  is  dried  contracts,  and  the 
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opposite  side  expands,  so  that  the  piece  is  curved.  It  is  the  absorp- 
tion of  moisture  that  causes  the  wood- work  of  houses,  furniture,  etc., 
to  swell  and  shrink  with  atmospheric  changes,  and  which  necessi- 
tates their  being  painted  and  varnished.  Paints  and  varnishes,  by 
filling  the  pores,  prevent  absorption. 

26.  Osmose.  —  If  two  liquids  of  different  kinds  are  sepa- 
rated by  a  porous  or  membranous  partition,  each  liquid  will 
begin  to  pass  through  the  membrane  and  mix  with  the  other, 
and  after  a  time  there  will  be  a  mixture  of  both  liquids  on 
each  side  of  the  partition.  This  movement  of  the  liquids  is 
called  osmose.  The  currents  are  generally  imequal,  so  that 
there  is  an  actual  gain  of  substance  on  one  side,  and  a  cor- 
responding loss  on  the  other. 

The  current  that  acts  to  produce  an  increase  on  one  side 
is  called  endosmose^  and  the  opposite  current  is  called  ex- 
osmose. 

To  illustrate  this  process,  let  a  blad- 
der filled  with  strong  syrup  be  tied  to 
the  end  of  a  glass  tube,  and  the  whole 
placed  in  a  vessel  of  water,  as  shown  in 
the  figure.  The  syrup  soon  becomes  di- 
luted by  the  flowing  in  of  water,  and  the 
mixture  rises  in  the  tube;  at  the  same 
time  a  portion  of  the  syrup  flows  out 
and  mixes  with  the  water.  The  flowing 
in  of  the  water  is  endosmose,  and  the 
flowing  out  of .  the  syrup  is  exosniose. 
Similar  results  are  obtained  by  using 
other  liquids. 

The  principle  of  osmose  is  of  very 
great  importance  in  animal  and  vegetable 
physiology.      The    cu'culation  of  fluids 

through  the  tissues  and  vessels  of  the     -  \      -^^^--| 

animal    body,   the  absorption  of  water        " --^— ^ 

by  the  roots  of  plants,  the  circulation  -^^S*  ^^• 

of  the  sap,  and   many  other   vital    phenuiiieua  depend   upon   this 

priuciple. 
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27.  Dialysis.  —  The  practical  application  of  the  principle 
of  osmose  in  separating  tlie  constituents  of  a  liquid  is  called 
dialysis. 

Substances  which  are  capable  of  fonning  crystals  will,  when  in 
sohition,  readily  pass  through  membranes  or  porous  partitions.  Pure 
sugar  and  various  kinds  of  salts  are  substances  of  this  kind. 

On  the  other  hand,  substances  which  do  not  crystallize,  like  gela- 
tine, gum  arable,  etc.,  do  not  so  readily  pass  through  septa.  Hence 
pure  crystallizable  sugar  may,  by  this  process,  be  separated  from  the 
syrup  of  sorghum,  or  that  of  the  beet-root,  which  contains  gummy 
substances  that  would  otherwise  prevent  crystallization. 

28.  Tenacity  is  the  resistance  which  a  body  offei-s  to 
rupture  when  subjected  to  a  force  of  traction,  that  is,  a 
force  which  tends  to  tear  the  particles  asunder. 

The  tenacity  of  a  body  may  be  determined  in  pounds.  For  this 
purpose  it  is  wrought  into  a  cylindrical  form,  having  a  given  cross- 
section  ;  its  upper  end  is  then  made  fast,  and  a  scale-pan  is  attached 
to  the  lower  end ;  weights  are  then  placed  in  the  pan  until  rupture 
takes  place.     These  weights  measure  the  tenacity  of  the  body. 

Metals  are  the  most  tenacious  of  bodies,  but  they  differ  greatly 
from  each  other  in  this  respect.  The  following  table  exhibits  the 
weights  required  to  break  wires  of  ^^^^  of  an  inch  in  diameter,  formed 
of  the  metals  indicated  : — 

Iron 5491b. 

Copper 302  " 

Platinum 274  ** 

Silver 187  " 

Gold 150.  '' 

Lead 27  ** 

It  has  been  shown  by  theory  and  confirmed  by  experiment,  that 
of  two  cylinders  of  equal  length  and  containing  the  same  amount  of 
material,  one  being  solid  and  the  other  hollow,  the  latter  is  the 
stronger. 

This  latter  principle  is  also  true  of  cylinders  required  to  support 
weights ;  the  hollow  cylinder  is  better  adapted  to  resist  a  ci-ushiug 
force  than  the  solid  one  of  the  same  weight,  and  hence  it  is  that 
columns  and  pillare  for  the  support  of  buildings  are  made  hollow. 
This  principle  also  iudicates  that  the  bones  and  quills  of  birds,  the 
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stems  of  grasses  and  other  plants,  being  hollow,  are  best  adapted  to 
secure  a  combination  of  lightness  and  strength. 

The  tenacity  of  metals  is  greatly  increased  by  drawing  them  into 
wire.  Hence  cables  formed  of  fine  iron  wire  twisted  together  are  much 
stronger  than  chains  or  solid  rods  of  the  same  weight.  Such  cables 
are  extensively  used  for  suspension  bridges  and  for  many  other 
purposes. 

29.  Hardness  is  the  resistance  which  a  bocl^-  offers  to 
being  scratched  or  worn  by  another.  Thus,  the  diamond 
scratches  all  other  bodies,  and  is  therefore  harder  than  any 
of  them. 

For  the  purpose  of  detenniniug  the  relative  hardness  of  minerals, 
the  following  scale  has  been  adopted,  in  which  any  substance  is 
scratched  by  those  above  it  in  numerical  order :  — 

Scale  op  Haedness  of  Minerals. 

1.  Talc.  6.  Feldspar. 

2.  Gypsum.  7.  Quartz. 

3.  Calc-spar.  8.  Topaz. 

4.  Fluor-spar.  9.  Sapphire. 

5.  Apatite.  10.  Diamond. 

A  body  which  neither  scratches  nor  is  scratched  by  any  given 
mineral  of  the  table  is  said  to  be  of  the  degree  of  hardness  repre- 
sented by  that  mineral. 

If  it  scratches  one  of  them,  but  is  itself  scratched  by  the  next 
one  above  it  in  the  scale,  the  degree  of  hardness  is  between  the 
two  with  which  it  is  compared.  Thus,  a  piece  of  the  mineral 
scapolite  can  be  scratched  by  feldspar,  but  will  scratch  a  piece  of 
apatite;  hence  its  hardness  is  between  5  and  6  of  the  scale. 

Hardness  must  not  be  confounded  with  resistance  to  shocks  or 
compression.  Glass,  diamond,  and  rock-crystal  are  much  harder 
than  iron,  brass,  and  the  like,  and  yet  they  are  less  capable  of  re- 
sisting shocks  and  forces  of  compression ;  they  are  more  brittle. 

An  alloy  or  mixture  of  metals  is  generally  harder  than  the  sepa- 
rate metals  of  which  it  is  composed.  Thus,  gold  and  silver  are  soft 
metals,  and,  in  order  to  make  them  hard  enough  for  coins  and  jewelry, 
they  are  alloyed  with  a  small  portion  of  copper.  In  order  tu  render 
block-tin  hard  enough  for  the  manufacture  of  domestic  utensils,  it  is 
alloyed  with  a  small  quantity  of  lead. 
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The  property  of  hardness  is  utilized  in  the  arts.  To  polish  bodies, 
powders  of  emery,  tripoli,  and  other  hard  inineralS;  are  used.  Dia- 
mond being  the  hardest  of  all  bodies,  it  can  be  polished  only  by 
means  of  its  own  powder.  Diamond-dust  is  the  most  efficient  of 
the  polishing,  substances. 

30.  Ductility  is  the  property  of  being  drawn  out  into 
wires  by  forces  of  extension. 

Wax,  clay,  and  the  like,  are  so  tenacious  that  they  can  easily  be 
flattened  by  forces  of  compression,  and  readiJy  wrought  between  the 
fingers.  Such  bodies  are  plastic.  Glass,  resins,  and  the  like  be- 
come tenacious  only  when  heated.  Glass  at  high  temperatures  is 
so  highly  ductile  that  it  may  be  spun  into  fine  threads  and  woven 
into  fabrics.  Many  of  the  metals,  as  iroa,  gold,  silver,  and  copper, 
are  ductile  at  ordinary  temperatures,  and  are  capable  <rf  betug  drawn 
out  into  fine  wires  by  means  of  wire-drawing  machines. 

The  following  metals  are  arranged  in  the  order  of  their  ductility : 
platinum,  silver,  iron,  copper,  gold,  zinc,  tin,  lead. 

31.  Malleability  is  the  property  of  being  flattened  or 
rolled  out  into  sheets,  by  forces  of  compression. 

This  property  often  augments  with  the  temperature;  every  one 
knows  that  iron  is  more  easily  forged  when  hot  than  when  cold. 
Gold  is  highly  malleable  at  ordinary  temperatures.  Gold  is  reduced 
to  thin  sheets  by  being  rolled  out  into  plates  by  a  machine ;  these 
plates  are  cut  up  into  small  squares,  and  again  extended  by  ham- 
mering until  they  become  extremely  thin.  They  are  then  cut  up 
again  into  squares,  and  hammered  between  membranes,  called  gold- 
beater's skins.  By  this  process  gold  may  be  wrought  into  leaves  so 
thin  that  it  would  take  282,000,  placed  one  upon  another,  to  make 
an  inch  in  thickness.  These  leaves  are  employed  in  gilding  metals, 
woods,  paper,  and  the  like.  Silver  and  copper  are  wrought  in  the 
same  manner  as  gold. 

The  most  malleable  of  the  metals  are  not  necessarily  the  most 
ductile.  Lead  and  tin,  for  example,  have  very  little  ductility,  but  are 
malleable  to  a  very  high  degree.  Zinc  is  only  slightly  malleable 
when  cold,  but  is  easily  rolled  out  into  sheets  at  a  temperature  of 
300°  or  400°  F. 

The  malleability  of  the  metals  is  not  the  same  when  hammered  as 
when  rolled.     The  following  is  the  order  of  malleability  under  the 
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hammer:  Leadj  tiny  goldj  zinc,  silver ,  copper ,  platinum,  iroti. 
Under  the  rolliDg-inill  the  order  is  as  follows :  Goldj  silver,  copper, 
tin,  lead,  zinc,  platinum,  iron. 

Summary.  — 

Specific  Properties  of  Matter. 
Molecular  Forces, 
Cohesion,    Experimeuts. 
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Solution. 
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CHAPTER  IL 

MECHANICAL    PRINCIPLES. 
SECTION    1.  —  MOTION    AND   FORCE. 

32.  Mechanics  is  that  bi\inch  of  Physics  which  treats 
of  the  laws  of  rest  and  motion.  It  also  treats  of  the 
action  of  forces  upon  bodies. 

33.  Rest  and  Motion.  — A  body  is  at  rest  when  it  re- 
tains its  i>osition  in  space.  It  is  in  motion  when  it  continu- 
ally changes  its  position  in  space. 

A  body  is  at  rest  with  resi)ect  to  surrounding  bodies,  when 
it  retains  the  same  relative  position  with  respect  to  them,  aud 
it  is  in  motion  with  res[)ect  to  surrounding  objects  when  it 
continually  changes  its  relative  position  with  respect  to  them. 
These  states  of  rest  and  motion  are  called  Relative  Rest  and 
Relative  Motion^  to  distinguish  them  from  Absolute  Rest  and 
Absolute  Motio7i. 

Wheu  a  body  remains  fixed  on  the  deck  of  a  moviug  vessel  or  boat, 
it  is  at  rest  with  respect  to  the  parts  of  the  vessel,  although  it  par- 
takes with  them  in  the  common  motion  of  the  vessel.  When  a  man 
walks  about  the  deck  of  a  vessel,  he  is  in  motion  with  respect  to  the 
parts  of  the  vessel,  but  he  may  be  at  rest  with  respect  to  objects  on 
shore ;  this  will  be  the  case  when  he  travels  as  fast  as  the  vessel 
sails,  but  in  an  opposite  direction.  In  consequence  of  the  earth's 
motion  around  its  axis  and  about  the  sun,  together  with  the  motion 
uf  the  whole  solar  system  through  space,  it  is  not  likely  that  any  i)art 
of  our  system  is  in  a  state  of  absolute  rest  at  any  time. 

34.  Uniform  Motion  is  that  in  which  a  body  passes  over 
equal  spaces  in  equal  times.     Thus,  every  point  qj^  the  sin'- 
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face  of  the  earth  is,  by  its  revolution,  carried  around  the  axis 
with  a  uniform  motion. 

In  this  kind  of  motion  the  space  passed  over  in  one  second 
of  time  is  called  the  velocity.  Thus,  if  a  train  of  cars  travel 
unifoimly  at  the  rate  of  20  miles  per  hour,  its  velocity  is 
29.3  feet.  Instead  of  taking  a  second  as  the  unit  of  time,  we 
might  adopt  a  minute  or  an  hour.  In  the  same  case  as  before 
we  might  say  that  the  velocity  of  the  train  is  one  third  of  a 
mile  per  minute,  or  twenty  miles  per  hour. 

35.  Varied  Motion  —  Accelerated  and  Retarded 
Motion.  —  Varied  Motion  is  that  in  which  a  body  passes 
over  unequal  spaces  in  equal  times.  If  the  spaces  passed  over 
in  equal  times  go  on  increasing,  the  motion  is  accelerated ;  such  is 
the  motion  of  a  train  of  cars  when  starting,  or  that  of  a  body 
falling  towards  the  surface  of  the  earth.  If  the  spaces  passed 
over  go  on  decreasing,  the  motion  is  retarded;  such  is  the 
motion  of  a  train  of  cars  when  coming  to  rest,  or  that  of  a 
body  thrown  vertically  upwards. 

When  the  spaces  passed  over  in  equal  times  are  continually 
increased  or  decreased  by  the  same  quantity,  the  motion  is 
uniformly  accelerated^  or  uniformly  retarded.  The  motion  ol 
a  body  falling  in  a  vacuum  is  uniformly  accelerated;  that  of  a 
bod}'  shot  vertically  upwards  in  a  vacuum  is  uniformly  re- 
tarded. 

36.  Laws  of  Motion. —  The  principles  of  Mechanics 
are  all  based  upon  three  propositions,  known  as  New- 
ton's Laws  of  Motion.     The  following  is  — 

37.  Newton's  First  Law.  —  Every  body  continues  in  a 
state  of  rest  or  of  uniform  motion  in  a  straight  line  unless  it  is 
acted  upon  by  some  external  force.  This  is  called  the  Law  of 
Inertia  because  it  dei>euds  upon  that  property  of  matter. 

That  a  body  cannot  set  itself  in  motion,  and  tliat  bodies  set  in 
motion  tend  to  move  in  straight  lines,  are  facts  that  are  verified  by 
every-day  observation. 

It  is  not  80  obvious  that  a  state  of  motion  is  as  natural  to  a  body 
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as  a  state  of  rest,  but  a  little  consideration  of  certain  facts  will  show 
that  this  is  also  true. 

In  the  first  place,  it  may  be  observed  that  whenever  a  moving 
body  is  brought  to  rest  it  is  in  cx>nsequence  of  resistance  of  some 
kind ;  and  in  proportion  as  the  resistance  is  removed  the  motion  is 
longer  continued.  Thus,  a  ball  rolled  along  the  ground  will  8<x)u 
be  stopped ;  if  rolled  with  the  same  forc^  upon  a  smooth  floor  it  will 
go  much  farther,  and  still  farther  if  rolled  along  a  smooth  sheet  of 
ice.  We  cannot  prove  that  it  would  continue  to  move  on  uniformly 
forever  if  there  were  no  resistance,  but  we  may  infer  that  it  would 
from  the  fact  that  the  less  the  resistance  the  more  uniform  is  the  rate 
of  motion,  and  the  longer  it  continues  to  move. 

38.  Newton's  Second  Law. — The  following  is  New- 
ton's Second  Law  of  Motion  :  — 

Motion^  or  a  change  of  motion^  is 'proportional  to  the  force  im- 
pressed^ and  is  in  the  direction  of  the  line  in  which  that  force  acts. 

In  order  to  understand  the  action  of  a  force,  three  things  must 
be  known  :  its  point  of  application,  its  direction,  and  its  intensity. 

The  point  of  application  is  the  point  where  the  force  exerts 
its  action. 

The  direction  of  a  force  is  the  line  along  which  it  acts. 

The  intensity  of  a  force  is  the  energy'  with  which  it  acts. 

The  intensity  of  a  force  is  measured  in  units  of  weight ;  thus,  a 
force  of  fifty  pounds  is  the  force  required  to  sustain  a  weight  of  fifty 
pounds.  The  intensity  of  a  force  may  be  represented  by  a  distance 
laid  off  on  its  line  of  direction.  Assuming  some  unit  of  length,  say 
one  tenth  ofan  inch,  to  represent  one  pound,  tliis  is  set  oft'  as  many 
times  as  the  force  contains  pounds. 

The  diagi-am  here  given  represents  two  forces  applied 
at  the  point  A,  and  acting  at  right  angles  to  each  other 
towards  B  and  C  respectively.    Let  the  force  which  acts 

from  A  towards  B 
equal  twenty  pounds, 
and  that  which  acts 
from  Aio  C  equal  ten 

A.' — — • ■ -B     )^K>uuds. 

Pig.  11.  Adopting  the  scale 
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of  one  tenth  of  an  inch  to  the  pound,  the  line  A  B  must  be  two  inches, 
and  the  line  A  C  one  inch  in  length,  to  represent  correctly  the  relative 
intensity  of  the  two  forces. 

39.  Simple  and  Compound  Motion.  —  Simple  motion 
is  produced  by  the  action  of  a  single  force.  Compound 
motion  is  produced  by  the  simultaneous  action  of  two  or  more 
forces.  When  a  body  is  acted  upon  by  a  single  force  it  will 
move  in  a  straight  line  in  the  direction  of  that  force. 

If  a  body  is  acted  upon  b}^  two  or  more  forces  in  the  same 
direction,  it  will  move  with  an  intensity  represented  by  the 
sum  of  the  forces.  If  acted  upon  by  two  forces  in  opposite 
directions,  it  will  move  with  an  intensity  represented  by  the 
difference  of  the  forces,  and  in  the  direction  of  the  greater 
force. 

If  two  or  more  forces  act  upon  a  body,  neither  in  the  same 
nor  in  opposite  directions,  but  in  lines  forming  some  angle 
with  each  other,  it  will  not,  in  general,  move  in  the  direction 
of  any  one  of  them,  but  will  move  in  some  intermediate  di- 
rection as  if  impelled  by  a  single  force. 

In  any  of  these  cases  the  single  force  which  results  from  the 
combination  of  two  or  several  forces  is  called  their  Resultant, 

The  separate  forces  are  called  Components  of  the  resultant. 

40.  Parallelogram  of  Forces.  —  In  the  diagram  let 
-4^ and  AD  represent  two  forces  acting  at  ^,  their  resul- 
tant will  be  represented  by 
A  C.  That  is,  if  two  forces 
are  represented  in  direction 
and  intensify  hy  the  adjacent 
sides  of  a  parallelogram^ 
their  resultant  will  he  repre- 
sented in  direction  and  in-  ^^' 

tensity  hy  that  diagonal  which  passes   through  their  point   of 

intersection. 

This  principle  is  called  the  Parallelogram  of  Forces, 

The   operation  of  finding  the  resultant  when  the  compo- 
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nents  are  given  is  called  Composition  of  Forces ;  the  reverse 

operation  is  called  Resolution  of  Forces. 

When  two  forces 
are  applied  at  the 
same  point,  as  shown 
in  Fig.  13,  we  la}- 
off  distances  AB  and 
AD  to  represent  the 
forces,  and  having 
completed  the  paral- 
lelogram, we  draw  its 
diagonal  A  C;  this 
will  be  their  result- 
ant. If  the  result- 
ant A  C  is  known, 
and  the  directions 
of   its    components 

are  given,  we  draw  through  C  the  lines  CD  and  CB  parallel 

to  their  directions ;  then  wUl  the  intercepted  lines  A  D  and 

A  B\)Q  components  of  the  force  A  G. 
41.   Example  of  Composition  of  Forces.  —  A  bird,  in 

flying,  strikes  the  air  with  both  wings,  and  the  latter  offers  a 


Fig.  13. 
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resistance  which  propels  him  forward.  Let  A  K  and  A  H^  in 
Fig.  14,  represent  these  resistances.  Draw  A  B  and  A  D  equal 
to  each  other,  and  complete  the  parallelogram  A  C;  draw  also 
the  tliagonal  A  O,  Then  will  A  C  represent  the  resultant  of 
the  two  forces,  and  the  bird  will  move  exactly  as  though  im- 
pelled by  the  single  force  CA, 

42.  Example  of  Resolution  of  Forces.  —  When  a  sail- 
boat is  propelled  by  a  breeze  acting  on  the  quarter  in  the 
direction  va  (Fig.  15)  we  may,  by  the  rule  in  Ai-t.  40, 
resolve  the  intensity  of  the  wind  into  two  components, 
one,  CO,  in  the  direction  of  the  keel,  and  the  other,  aft, 


Fig.  15. 
at  right  angles  to  it.  The  first  component  alone  is  effective 
in  giving  a  forward  motion  to  the  boat,  whilst  the  second 
is  partly  destroyed  by  the  resistance  which  the  water  offers 
to  the  keel,  and  partly  employed  in  giving  a  lateral  motion 
to  the  boat.     This  lateral  motion  is  called  leewat/. 

43.  Resultant  of  Parallel  Forces.  —When  two  forces 
act  in  the  same  direction,  as  when  two  horses  pull  at  the  ends 
of  a  whiffletree  to  draw  a  wagon,  their  resultant  is  equal  to  the 
sum  of  the  forces.  When  they  act  in  a  contrary  direction,  as 
in  the  case  of  a  steamboat  ascending  a  river,  where  the  force 
of  the  engine  acts  to  propel  the  boat  forward  while  the  cur- 
rent acts  to  retard  its  progress,  their  resultant  is  equal  to  the 
difference  of  the  forces. 

d  by  Google 


Digitized  b 


28  MOTION  AND  FORCE, 

44.  Composition  of  more  than  Two  Forces.  —  K 
more  than  two  forces  act  upon  the  same  point,  the  resultant 
of  any  two  may  be  combined  with  a  third,  this  resultant  with 
a  fourth,  and  so  on.  The  last  resultant  will  represent  the 
combined  action  of  all  the  given  forces. 

Summary.  — 

Mechanical  Principles. 
Beat  and  Motion. 

Absolute. 

Relative. 
Uniform  Motion. 

Velocity. 
Accelerated  Motion. 
Retarded  Motion. 
Laws  of  Motion. 

Ne^i'ton's  Firet  Law. 
The  Law  of  Inertia. 

Illustrations. 
Newton's  Second  Law. 

Point  of  Applications  of  Force. 

Intensity  of  Force. 

Direction  of  Forc^. 

Measure  of  Intensity. 
Simple  and  Compound  Motion. 

Components. 

Resultant. 
Parallelogram  of  Forces. 
Composition  of  Forces.  —  Example. 
Resolution  of  Forces.  —  Example. 
Resultant  of  Parallel  Forces. 
Composition  of  more  than  Two  Forces. 

45.  Momentum.  —  llie  Momentum  of  a  body  is  its  quantity 
of  motion. 

It  may  also  be  defined  as  the  measure  of  the  force  with 
which  a  body  moves. 

If  the  same  amount  of  force  is  emploj^ed  in  putting  in 
motion  bodies   of  different  weight,  it  is  evident  that  the 
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greater  the  weight  of  the  body  the  less  will  be  the  velocity 
imparted.  A  force  that  will  move  a  body  of  one  pound 
weight  through  a  space  of  ten  feet  in  a  second,  will  move  a 
body  weighing  two  pounds  through  only  half  the  space  in  the 
same  time. 

It  is  evident,  however,  that  the  quantity  of  motion  will  be 
the  same  in  each  case ;  for  if  we  suppose  the  larger  body  to 
be  divided  into  two  equal  parts  which  move  side  by  side, 
the  sum  of  the  distances  described  will  be  equal  to  the  dis- 
tance through  which  the  body  weighing  one  pound  will  move 
in  the  same  time. 

Of  two  equal  masses  that  which  moves  with  the  greater 
velocit}'  has  the  greater  momentum ;  of  two  unequal  masses 
having  the  same  velocity,  the  heavier  mass  has  the  greater 
momentum. 

Momentum  depends,  therefore,  upon  weight  and  velocity, 
and  may  be  estimated  by  the  following  rale :  — 

Multiply  the  tceight  of  the  body  by  its  velocity. 

Example.  What  is  the  momentum  of  a  ten-pound  ball  moving  at 
the  rate  of  500  feet  per  second  f 

10  X  500  =  5000,    'Ans. 

It  will  be  ^een  that  according  to  this  rule  bodies  of  immense 
weight  may  move  with  great  force,  though  the  rate  of  motion  may 
bo  very  slow.  For  example,  an  iceberg,  whose  motion  is  hardly 
perceptible,  may  exert  a  tremendous  crushing  force  upon  any  object 
with  which  it  comes  in  contact. 

A  large  vessel  moving  slowly  up  to  a  wharf  has  so  great  mo- 
mentum that  unless  some  precaution  be  used  there  is  danger  of 
damage  both  to  the  vessel  and  the  wharf.  To  prevent  this  it  is 
customary  to  place  a  coil  of  rope  or  some  other  elastic  and  yielding 
substance  between  the  sides  of  the  vessel  and  the  whai-f. 

On  the  other  hand,  a  body  of  very  small  weight  may  move  with 
velocity  so  great  as  to  exert  a  greater  force  than  a  large  body  mov- 
ing slowly.  Thus,  a  bullet  fired  from  a  gun  has  a  greater  momen- 
tum than  a  stone  many  times  heavier  thrown  from  the  hand. 

46.  Collision  of  Bodies.  — The  term  momentum,  as  now 
generally  used,  refers  only  to  the    force  expended  in  the 
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motion  of  the  moving  body  itself,  and  to  its  power  of  com- 
municating motion  to  other  bodies.  This  does  not  represent 
the  whole  effect  wliich  a  moving  body  produces  upon  another 
body  upon  which  it  strikes. 

If  a  bullet  is  fired  into  a  wooden  block,  which  is  suspended  by  a 
cord  80  that  it  is  free  to  move,  the  momentum  of  the  bullet  is  trans- 
ferred to  the  block,  and  the  momentum  of  the  block  after  impact  is 
equal  to  that  of  the  buUet  before  it  strikes.  But  the  force  of  the 
bullet  is  not  all  expended  in  setting  the  block  in  motion ;  it  pene- 
trates the  block  to  a  greater  or  less  extent  according  to  its  velocity. 

If  the  whole  of  the  force  with  which  a  body  moves  is  expended 
upon  an  immovable  obstacle,  it  is  found  that  the  effect  produced  is 
proportional  to  the  sqiuire  of  the  velocity. 

Thus,  suppose  a  bullet  to  be  fired  into  an  immovable  block,  with 
a  force  that  causes  it  to  penetrate  to  the  depth  of  one  inch  ;  if  it  strike 
the  block  with  twice  that  velocity  it  will  sink  into  it  four  inches;  or 
with  three  times  the  velocity,  to  the  depth  of  nine  inches. 

47.  Striking  Force.  —  The  power  of  a  moving  body  to 
overcome  resistance  is  called  its  striking  or  living  force  (vis 
viva)^  and  is  proportional  to  the  square  of  the  velocity. 

It  appears,  then,  that  {wo  bodies  may  have  the  same  momentum 
and  at  the  same  time  difier  greatly  in  their  striking  force. 

For  example,  an  iron  ball  weighing  50  pounds  and  moving  100 
feet  per  second,  and  a  second  ball  weighing  5  pounds  and  moving 
1,000  feet  per  second,  will  have  the  same  momentum  (=  5,000).  The 
striking  force  of  the  first  will  equal  50  X  100^  =  500,000.  That  of 
the  second  will  be  equal  to  5  X  1000^  =  5,000,000.  Hence,  if  both 
were  thrown  against  a  bank  of  earth,  the  second  would  penetrate  ten 
times  as  far  as  the  first.  This  subject  will  be  further  treated  of  un- 
der the  head  of  Energy. 

48.  Action  and  Reaction  —  Newton's  Third  Law. — 
We  use  the  term  Action  to  denote  the  power  which  a  moving 
bod}'  has  to  impart  motion  or  force  to  another  body,  and  the 
term  Reaction^  to  express  the  power  which  the  body  acted  upon 
has  to  deprive  the  acting  body  of  its  motion  or  force,  or  to 
impart  motion  m  an  opposite  direction. 
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The  following  is  Newton's  Third  Law,  which  expresses  the 
relation  of  these  two  forms  of  force. 

Action  and  reaction  are  always  equal,  and  are  in  opposite  di- 
rections. 

49.  Reaction  in  Non-Elastic  Bodies.  —  Let  two  balls 
of  clay  or  soino  other  non-elastic  substance  be  suspended  by  cords 
of  equal  length,  so  as  to  hang  side  by  side 
in  fipont  of  a  graduated  arc,  as  shown  in 
Fig.  16.  If  one  bo  drawn  aside  and  let  fall 
so  as  to  strike  the  other,  both  will  move 
forward,  but  not  so  far  as  the  first  would 
have  moved  alone..  If  the  balls  are  of  equal 
masS;  the  two  will  move  together  through 
half  the  distance  that  the  first  alone  would 
have  traversed.  The  first  ball  loses  half  its 
momentum  by  the  reaction  of  the  second, 
and  the  second  gains  precisely  the  same 
amount  of  momentum  by  the  action  of  the 
first.  The  momentum  of  the  combination  therefore  remains  the  same 
after  impact  as  before. 

50.  Reaction  in  Elastic  Bodies.  —  If  two  equal  balls 
of  some  elastic  substance,  as  ivory,  be  similarly  placed,  and 
the  same  experiment  repeated,  the  first  ball  will  give  the 
whole  of  its  motion  to  the  second  and  remain  motionless, 
while  the  second  ball  will  swing  as  far  as  the  first  would 
have  gone  had  it  met  no  resistance.  In  this  case,  also, 
action  and  reaction  are  equal ; 
for  the  same  amount  of  force 
required  to  stop  the  first  ball 
snflRces  to  give  an  equal  mo- 
tion to  the  second. 

The  same  principle  may  be 
illustrated  by  using  several  elas- 
tic balls  of  equal  weight,  as  shown 
in  Fig.  17. 


T 


^ 


axxxoo 

Fig.  17. 


\> 


Let  the  ball  H  be  drawn  out  a  certain  distance  and  let  fall 
upon  G,  the  next  in  order;   it  will  then  communicate  its  motion 

Digitized  by  VjOOQIC 


32  MOTION  AND  FORCE. 

to  G  and  receive  a  reaction  from  it  which  will  destroy  its  own 
motion. 

But  the  ball  G  cannot  move  without  communicating  the  aaotion 
it  received  from  H  to  2^,  and  receiving  from  F  a  reaction  which  will 
stop  its  motion.  In  like  manner  the  motion  and  reaction  are  re- 
ceived by  every  one  of  the  balls  Ej  D,  C,  B,  A,  until  the  last  ball,  K, 
is  reached ;  but  there  being  no  ball  beyond  K  to  act  upon  it,  K  will 
fly  off  as  far  from  A  as  H  was  drawn  apart  from  G. 

These  results  would  be  strictly  as  stated  if  the  balls  were  perfectly 
elastic.  In  practice  it  will  be  found  that  the  last  ball  will  not  move 
quite  so  far  as  the  theory  requires,  while  the  whole  system  will  be 
slightly  thrown  forward  by  the  force  of  the  first  ball. 

A  few  familiar  and  interesting  illustrations  of  this  law  may  serve 
to  call  the  attention  of  the  student  to  the  large  number  of  examples 
he  meets  with  in  his  eveiy-day  life. 

The  flight  of  birds,  the  onward  motion  of  the  steamboat,  the 
rebound  of  the  hammer  from  the  anvil,  the  recoil  of  a  gun,  the 
ascent  of  a  rocket,  are  common  examples  of  the  law.  When  we 
strike  the  table  with  the  hand,  it  is  the  reaction  of  the  table  that 
hurts  the  hand ;  so,  when  we  spring  from  the  ground,  the  earth  is 
really  pushed  away  froui  us.  The  motion  is  not  seen,  however, 
because  it  is  diffused  through  so  large  a  mass. 


51.  Reflected  Motion.  —  When  an  elastic  body  is  thrown 
against  a  hard,  smooth  surface  reaction  causes  it  to  rebound. 
If  it  be  thrown  in  a  direction  perpendicular  to  the  surface,  it 
will  rebound  in  the  same  direction ;  if  thrown  obliquely,  it 
will  rebound  obliquely  in  an  opposite'  direction.  The  direc- 
tion in  which  the  body  approaches  the  reflecting  surface  is 
its  Lifie  of  Incidence,  and  that  in  which  it  rebounds  the  Line 
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of  Reflection.  The  angle  included  between  the  line  of  inci- 
dence and  a  perpendicular  to  the  surface  is  called  the  Angle 
of  Incidence.  The  angle  included  between  the  line  of  reflec- 
tion and  the  perpendicular  is  called  the  Angle  of  Reflection. 

The  Angle  of  Reflection  is  equal  to  the  Angle  of  Incidence. 
This  is  the  Law  of  Reflected  Motion. 

In  the  illustration  given  in  Fig.  18,  a  ball  shot  iroin  A  will  be 
reflected  at  B  back  to  C,  making  the  angle  C  B  D  equal  to  A  B  D. 
The  law  here  given  appUes  not  only  to  the  motion  of  soUd  bodies, 
but  to  all  forces  which  act  in  straight  hnes  and  are  capable  of  reflec- 
tion. It  is  especially  important  in  its  application  to  the  laws  of 
Heat  and  Light. 

52.  Centrifugal  and  Centripetal  Forces.  —  The  Cen- 
trifugal Force,  so  called,  is  not  properly  a  force,  but  is  simply 
a  manifestation  of  inertia.  It  is  the  resistance  which  a  moving 
body  infers  to  a  fo«3e  idiich  temfe  toiaim  it  from  its  course. 

In  consequence  of  its  inertia,  a  body  always  tends  to  move 
in  a  straight  line,  and  if  we  see  it  move  in  a  curved  line  it  is 
because  some  force  is  acting  to  turn  it  from  its  path.  This 
deflecting  force  has  been  called  the  Centripetal  Force,  because 
in  circular  motion  it  tends  to  draw  the  moving  bod}'  towards 
the  centre  of  the  circle. 

If  a  ball  is  whirled  about  the  hand,  being  retained  by  a 
string,  it  has  a  continual  tendency  to  fly  off,  which  tendency 
is  resisted  hy  the  strength  of  the  string ;  the  tendency  to  fly 
off  is  due  to  the  centrifugal  force,  and  that  which  resists  this 
tendency  is  the  centripetal  force. 

The  curved  path  in  which  a  body  moves  may 
be  regarded  as  made  up  of  short  straight  lines ; 
and  if  at  any  instant  the  centripetal  force  is  de- 
stroyed, the  body  will  continue  to  move  along 
that  hne  on  which  it  was  situated,  that  is,  its  new 
path  will  be  tangent  to  its  old  one. 

In  the  example  given  above,  if  the  string  is  f*     10 

broken  in  whirling,  the  centripetal  force  no  longer 
acts,  and  the  ball  in  consequence  of  its  inertia  moves  on  in  a  straight 
line  which  is  tangent  to  the  circle,  as  shown  in  Fig.  19. 
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The  existence  of  the  centrifugal  force  may  be  shown  experiment- 
ally by  the  apparatus  represented  in  Fig.  20.  In  consists  of  a  bar, 
A  B,  having  its  ends  bent  up  so  as  to  hold  a  wire  which  is  stretched 
between  them.  On  this  wire  two  ivory  balls  are  strung  so  as  to 
slide  along  it,  and  the  whole  bar  is  made  to  turn  about  an  axis  at 
right  angles  to  it  by  means  of  a  crank  and  two  bevelled  wheels. 
When  the  bar  is  made  to  revolve  about  the  axis,  the  balls,  acted  upon 
by  the  centrifugal  force,  are  thrown  against  the  end  of  the  bar  with 
an  energy  which  becomes  greater  as  the  motion  of  revolution  becomes 
more  rapid. 


Fig.  20. 

53.  Some  Effects  of  the  Centrifugal  Force.— Wheb 

'  a  train  of  cars  turns  round  a  curve  in  the  road,  the  centrifugal  forca 
tends  to  throw  the  train  off  the  track,  a  tendency  which  is  resisted  by 
raising  the  outer  rail  and  by  making  the  wheels  conical. 

It  is  in  consequence  of  the  centrifugal  force,  that  the  mud  adhering 
to  the  tire  of  a  carriage-wheel  is  thrown  off  in  all  directions. 

In  the  circus,  where  horses  are  made  to  travel  rapidly  around  in  a 
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curved  path,  the  centrifugal  force  tends  to  overturn  them  outwards, 
which  tendency  is  partly  overcome  by  making  the  outside  of  the 
track  higher  than  the  inside,  and  partly  by  both  horse  and  rider 
inclining  inwards,  so  as  to  make  the  resultant  of  their  weight  and 
the  centrifugal  force  perpendicular  to  the  path. 

When  a  sponge  filled  with  water  and  held  by  a  string  is  whirled 
rapidly  around,  the  centrifugal  force  throws  off  the  water  and  leaves 
the  sponge  dry. .  This  principle  has  been  used  for  drying  clothes  in 
the  laundry. 

A  very  remarkable  effect  of  the  centrifugal  force  is  the  flattening 
of  our  earth  at  the  poles.  The  earth  turns  on  its  axis  every  twenty- 
four  hours,  which  rotation  gives  rise  to  a  centrifugal  force  at  every 
point  of  its  surface.  At  the  equator  the  centrifugal  force  is  greatest, 
because  the  velocity  is  there  the  greatxjst,  and  from  the  equator  it 
grows  feebler  towards  each  pole,  where  it  is  zero.  The  centrifugal 
force  at  every  point  is  perpendiQular  to  the  axis,  and  may  be  resolved 
into  two  components,  one  directed  outwards  from  the  centre,  and  the 
other  perpendicular  to  this.  The  former  component  lessens  the 
weight  of  bodies,  and  the  latter  acts  to  heap  the  particles  up  towards 
the  equator.  It  has  been  found  that  the  earth  is  a  spheroid,  flattened 
at  the  poles.  The  polar  diameter  is  about  twenty-six  miles  shorter 
than  the  equatorial  diameter.  Observations 
upon  the  heavenly  bodies  show  that  other 
planets  are  in  like  manner  flattened  at  their 
poles. 

The  manner  in  which  the  centrifugal 
f.)rce  acts  to  flatten  a  sphere  is  shown  ex- 
perimentally by  an  apparatus  represented 
in  Fig.  21 .  This  apparatus  consists  of  a 
vertical  rod  to  which  a  moti(m  of  rotation 
may  be  imparted,  as  shown  in  Fig.  20. 
At  the  lower  part  of  this  rod  four  strips 
of  brass  are  firmly  fastened  and  bent  into 
circles,  as  shown  by  the  dotted  lines  ;  their 
upper  ends  are  fastened  to  a  ring  which  is 
free  to  slide  up  and  down  the  rod.  When  the  axis  is  made  to  revolve 
rapidly,  the  centrifugal  force  causes  the  ring  to  slide  down  the  rod, 
the  hoops  become  more  curved,  as  shown  in  the  figure,  and  the  whole 
assumes  the  appearance  of  a  flattened  sphere. 


Fig.  21. 
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There  is  a  tendency  in  all  bodies  to  revolve  about  their  shortest 
axis,  and  from  this  fact  we  infer  that  the  earth  will  always  maintain 
its  present  rotation  about  its  shortest  or  polar  diameter. 

This  principle  can  be  verified  in  various  ways.  If  a  cylinder  be 
suspended  by  a  string  which  is  attached  a  little  to  one  side  of  the 
'longer  axis,  and  then  be  made  to  revolve  rapidly  by  twisting  the 
string,  the  cylinder  will  change  its  position  and  revolve  about  an 
axis  perpendicular  to  its  length ;  that  is,  it  rotates  about  its  shorter 
axis. 

This  same  tendency  is  observed  if,  instead  of  a  cylinder,  we  use  a 
cone,  chair,  or  ring. 

54.   The  Gyroscope  (Fig.  22)  is  an  instrument  to  illustrate 
the  composition  of  rotary  motions.     It  consists  of  a  disk,  1\ 
revolving  in  a  ring,  C. 

The  disk  is  made  to  rotate  by  winding  a 
cord  about  the  axis  and  then  suddenly  pull- 
ing it  off.  While  in  rapid  rotation  the  end 
of  the  axis  is  placed  upon  the  pivot,  P] 
instead  of  falling,  the  whole  begins  to  re- 
volve rapidly  in  a  horizontal  plane  about, 
the  vertical  support,  P  g.  If  the  ring,  C, 
be  depressed  while  the  disk  is  in  motion  it 
will  rise  again  and  revolve  in  the  same 
plane  as  before. 

This  motion  is  the  resultant  between  the  force  of  gravity  and  the 
rotary  motion  of  the  wheel. 

Summary.  — 

Mome^itum, 

Quantity  of  Motion. 
Relation  to  Velocity  and  Weight. 
Rule  for  finding  Momentum; 
Examples. 
Collision  of  Bodies, 

Striking  Force  (Vis  viva). 
Rule  for  Striking  Force. 
Examples. 
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Action  and  Beaction, 

Newton^s  Third  Law. 
Reaction  in  Non -Elastic  Bodies. 
"         **  Elastic  Bodies. 
Familiar  Illustrations. 
Beflected  Motion. 

Lines  of  Incidence  and  Reflection. 
Angles  of  Incidence  and  Reflection. 
Law  of  Reflected  Motion. 
Illustration. 
Centrifugal  and  Centripetal  Forces. 

Centrifugal  Force  or  Manifestation  of  Inertia. 

Curved  Path  of  a  Moving  Body  made  up  of  straight  lines. 

Dlustration. 
Effects  of  Centrifugal  Force. 
Spheroidal  Shape  of  the  Earth. 
Experiments. 
The  Gyroscope. 


SECTION    II.  —  PRINCIPLES   DEPENDENT   ON   THE   ATTRACTION    OF 
GRAVITATION. 

55.  Universal  Gravitation.  —  The  earth  exerts  a  force 
of  attraction  upon  all  bodies  near  it,  tending  to  draw  them 
towards  its  centre.  This  force,  called  the  Force  of  Gravity^ 
when  unresisted,  imparts  motion,  and  the  body  is  said  to 
fall ;  when  resisted,  it  gives  rise  to  pressure,  which  is  called 
Weight, 

Newton  showed  that  the  force  of  gravity,  as  exhibited  at 
the  earth's  surface,  is  only  a  particular  case  of  a  general 
attraction  extending  throughout  the  universe,  and  continually 
tending  to  draw  bodies  together.  This  general  attraction  he 
called  Universal  Gravitation.  It  is  mutuall}*  exerted  between 
any  two  bodies  whatever,  and  it  is  by  virtue  of  it  that  the 
heavenlv  bodies  are  retained  in  their  orbits. 
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The  law  of  Gravitation  discovered  by  Newton,  may  be  ex- 
pressed as  follows  :  Any  two  bodies  exert  upon  each  other  a  mutual 
attraction^  which  varies  directly  as  their  masses^  and  inversely  as 
the  square  of  their  distance  apart. 

The  first  part  of  the  law  can  be  best  explained  by  examples. 
When  a  stone  falls  to  the  earth  there  is  a  mutual  attraction  between 
the  earth  and  the  stone,  but  the  mass  of  the  former  is  so  much  greater 
than  that  of  the  latter  fhat  no  perceptible  effect  is  produced  upon  it 
by  the  stone.  The  attractive  influence  of  the  earth  is  not  confined  to 
objects  in  its  immediate  vicinity,  but  is  felt  also  by  the  sun,  moon,  and 
planets,  and  these  in  turn  attract  the  earth.  By  the  superior  attrac- 
tion of  the  earth  the  moon  is  compelled  to  be  its  constant  attendant 
in  its  ceaseless  journey  through  space.  The  sun  by  virtue  of  its 
greater  mass  keeps  the  planets  in  their  orbits  and  preserves  the  har- 
mony of  the  solar  system.  If  a  leaden  ball  be  suspended  near  the 
precipitous  side  of  a  mountain,  there  will  be  noticed  a  leaning  of  the 
ball  from  the  vertical  towards  the  mountain. 

When  we  say  that  any  two  bodies  exert  upon  each  other  a 
mutual  attraction  that  varies  directly  as  their  masses,  we 
mean  simpl}^  that  if  one  contains  twice  as  much  mass  as  the 
other  its  power  of  attraction  is  twice  as  great  as  the  other ; 
if  its  mass  is  one  half  as  great  as  that  of  the  other,  its  power 

of  attraction  will  also  be 
one  half  as  great. 

The  second  part  of  the 
law,  that  the  attraction  of 
the  bodies  varies  inversely  as 
the  square  of  their  distance 
apart,  may  be  further  illus- 
trated by  Fig.  23.  Let  S  he 
the  centre  of  attraction,  and 
the  diverging  lines  the  lines 
of  the  attractive  force.  At 
the  distance  A  from  the  point 
^is-  23.  s  the  four  lines  of  attraction 

enclose  the  single  square  Ay  and  hence  it  receives  the  full  force  of 
the  attraction.  The  square  B  is  four  times  as  large  as  Ay  but 
receives  only  the  same  amount  of  attractiim ;  that  is,  the  attraction 
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IS  spread  over  four  times  as  much  space,  so  that  a  portion  of  B  equal 
in  size  to  A  would  only  be  attracted  one  fourth  as  much. 

It  is  plain,  then,  that  as  the  distanc^from  S  increases  the  attrac- 
tion decreases,  and  as  the  distance  decreases  the  attraction  increases, 
showing  an  inverse  ratio.  We  also  see  that  while  the  attraction  of 
one  of  -B's  squares  is  four  times  less  than  A%  it  is  only  twice  as  far 
from  8 ;  hence,  to  ascertain  the  diminution  of  attraction  at  B,  we 
must  square  its  distance  from  S  compared  with  -4's  distance.  C  is 
nine  times  as  large  as  A  and  three  times  as  far  from  8 ;  the  attraction 
of  one  of  its  squares  will  be  one  ninth  of  A's, 

Since  all  bodies  attract  one  another  we  should  naturally  suppose 
that  any  two  bodies  on  the  earth^s  surface  would  come  together,  as 
two  books  placed  upon  a  table ;  but  the  superior  attraction  of  the 
earth  binds  them  to  the  table,  and  this  neutralizes  their  mutual 
attraction. 

56.  Effect  of  Gravitation  on  the  Planets.  —  It  is  by 
the  influence  of  gravitation  that  the  planets  are  retained  in 
their  orbits.  Their  motion  is  the  same  as  if  they  had  been 
projected  into  space  with  an  impulse,  and  then  continually 
drawn  from  the  right  lines  along  which  inertia  tends  to  carry 
them  b3'  the  attraction  of  the  sun.  The  planets  also  attract 
the  sun,  but  their  masses  being  exceedingly  small  in  com- 
parison with  that  of  the  sun,  their  effects  in  disturbing  its 
position  are  very  small.  The  orbits  of  the  planets  are  ellipses, 
differing  but  little  from  circles. 

57.  The  Force  of  Gravity  is  that  force  of  attraction 
which  the  earth  exerts  upon  all  bodies,  tending  to  draw  them 
towards  its  centre. 

As  has  been  stated,  it  is  only  a  particular  case  of  Univer- 
sal Gravitation.  It  is,  therefore,  subject  to  the  same  law, 
that  is,  it  varies  directly  as  the  mass  of  the  body  acted  upon^ 
and  inversely  as  the  square  of  its  distance  from  the  centre  of  the 
earth. 

The  shape  of  the  earth  has  been  shown  by  careful  measurement  to 
be  that  of  a  spheroid,  that  is,  of  a  sphere  slightly  flattened  at  the 
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poles.  The  mean  radius  is  a  little  less  than  4,000  wiles.  On  account 
of  the  flattening  of  the  earth  at  the  poles,  different  points  are  at 
slightly  different  distances  from  the  centre,  and  consequently  the  force 
of  gravity  varies  slightly  at  different  places  on  the  surface.  For 
ordinaiy  purposes,  however,  we  may  regard  the  earth  as  a  perfect 
sphere,  and  the  forc«  of  gravity  as  constant  all  over  its  surface. 

58.  Vertical  and  Horizontal  Lines.  —  A  Verticat. 
Line  is  a  line  along  which  a  body  falls  freeh*.  All  vertical 
lines  are  directed  towards  the  centre  of  tlie  earth,  but  for 
places  near  together  they  may  be  regarded  as  parallel. 

In  Fig.  24^  the  lines  a  0  and  h  0  are  vertical,  but  if  they  are  not  far 
apart,  their  convergence  is  so  small  that  they  may  be  taken  as  par- 
allel.    If,  however,  their  distance  apart  is  considerable,  they  cannot 


Fig.  24. 

be  regarded  as  parallel.  A  man  standing  erect  has  his  body  in  a  ver- 
tical, and  it  may  happen  that  two  persons  on  opposite  sides  of  the 
globe,  as  at  E  and  -E',  may  both  stand  erect,  and  yet  their  heads 
be  turned  in  exactly  opposite  directions,  their  feet  being  turned 
towards  each  other.  Points  where  this  may  happen  are  said  to  be 
onfipodes. 

A  Horizontal  Line,  or  Plane,  at  any  place  is  one  which 
is  perpendicular  to  a  vertical  line  at  that  place.  The  surface 
of  still  water  is  horizontal,  or  lei^el.  For  small  areas  this  sur- 
face may  be  regarded  as  a  plane,  but  when  a  large  suiface  is 
considered,  as  the  ocean,  it  must  be  regarded  as  curved,  con- 
forming to  the  general  outline  of  the  earth's  surface. 
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Upon  the  principle  of  verticals  and  horizontals  all  of  our 
instruments  for  levelling  and  making  astronomical  obser\'a- 
tions  are  constructed. 

59-  Weight.  —  The  Weight  of  a  body  is  due  to  the  force 
of  gi'avity,  acting  upon  all  its  particles,  but  it  must  not  be 
confounded  with  the  force  of  gravity.  Weight  is  only  the 
effect  of  gravity  when  resisted ;  when  gravity  is  unresisted 
it  produces  quite  another  effect,  that  is,  motion. 

At  the  same  place  tho  weights  of  bodies  are  proportional  to  their 
masses,  or  the  quantities  of  matter  which  they  contain.  We  shall 
see  hereafter  that  tho  weight  of  bodies  may  be  determined  by  means 
of  the  balance ;  the  force  of  gravity  is  determined  by  the  velocity 
which  it  can  impart  to  a  body  in  a  certain  time,  as  will  be  shown 
more  fully  hereafter. 

60.  Centre  of  Gravity. — The  Centre  of  Gravity  of  a 
bod}'  is  that  point  through  which  the  direction  of  its  weight 
always  passes. 

We  have  seen  that  the  weight  of  a  bod}'  is  the  resultant  of 
the  action  of  gravity  upon  all  of  its  particles.  Now,  whatever 
may  be  the  form  of  a  bodj',  or  whatever  its  position,  the  direc- 
tion of  its  weight  alwaj's  passes  through  a  single  point.  This 
point  is  the  centre  of  gravity.  Hence,  in  calculations,  the 
weight  of  a  body  may  be  considered  as  concentrated  in  the 
centre  of  gravit}'. 

The  vertical  lin^  '^hich  passes  through  the  centre  of  gravity- 
is  called  the  line  of  direction. 

In  the  case  of  solids  of  regular  figure  and  unifonn  density,  the 
centre  of  gravity  is  at  the  centre  of  the  figure.  Thus  the  centre  of 
gravity  of  a  sphere,  a  cube,  or  a  regular  octahedron,  is  in  eauh  case 
at  the  centre.  In  a  cylinder  it  is  at  the  centre  of  the  axis;  in  a 
parallelopipedon,  at  the  intersection  of  its  diagonals ;  in  a  pyramid, 
on  its  axis  at  one  fourth  of  its  length  from  the  base. 

In  plates  or  sheets  of  unifonn  thickness  and  density,  the  centre  of 
gravity  is  at  the  centre  of  the  surface,  or  rather  at  the  middle  of  the 
short  line  which  joins  the  centres  of  the  opposite  surfaces. 
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When  the  surface  is  of  irregular  outline  the  position  of  the  centre 
of  gravity  may  be  found  in  the  following  way :  — 

Suspend  the  body  by  any  part  of  its  edge  so  that  it  can  move 
freely,  and,  by  means  of  a  plumb-line,  mark  on  it  a  vertical  line  from 
the  point  of  suspension  ;  again  suspend  it  from  some  other  point  of 
the  edge  and  mark  the  vertical  line ;  the  point  where  these  lines  in- 
tersect will  show  the  centre  of  gravity. 

By  a  similar  method  the  position  of  the  centre  of  gravity  in  any 
solid  body  may  be  determined ;  for  it  will  always  be  found  at  the  in- 
tersection of  any  two  lines  of  direction. 

In  some  cases  the  centre  of  gravity  is  not  within  the  substance  of 
the  body  itself,  as,  for  example,  in  a  ring,  a  box,  or  a  cask ;  yet  its 
position  may  be  determined  in  precisely  the  same  way. 


Fig.  26.  Fig.  26. 

6i.  Equilibrium  of  Heavy  Bodies.  — The  centre  of 
gravity  being  the  point  at  which  the  weight  is  applied,  it 
follows  that,  if  this  point  is  held  fast  by  any  support  what- 
ever, the  effect  of  the  weight  is  completely  counteracted,  and 
the  body  will  be  in  a  state  of  equilibrium. 

If  a  body  has  but  a  single  point  of  support,  it  can  be  in 
equilibrium  only  when  its  centre  of  gravity  lies  somewhere  on 
a  vertical  through  that  point. 
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If  a  body  has  but  two  points  of  support,  it  can  be  in 
equilibrium  only  when  its  centre  of  gravity  lies  in  a  vei*tical 
drawn  thi-ough  some  point  of  the  line  joining  these  two  points. 
An  example  is  shown  in  Fig.  25,  which  represents  a  man 
standing  on  stilts.  To  be  in  equilibrium,  his  centre  of 
gravit}^  must  be  exactly  over  the  line  joining  the  feet  of  his 
stilts. 

If  a  bod^^  has  three  supports  not  in  a  straight  line,  it  will 
be  in  equilibrium  when  the  centre  of  gravity  lies  on  a  vertical 
drawn  through  any  point  of  the  triangle  formed  by  joining 
these  points.  An  example  is  shown  in  Fig.  26,  which  repre- 
sents a  three-legged  table.  The  centre  of  gravity  being  at 
g^  the  table  will  be  in  equilibrium  so  long  as  the  vertical 
through  that  pouit  pierces  the  triangle  formed  b}^  uniting  the 
feet  of  the  table. 


r" 

Fig.  27.  Fig.  28. 

62.  Different  Kinds  of  Equilibrium.  — When  bodies 
are  acted  upon  by  the  force  of  gravity  alone,  and  have  one 
or  more  points  of  support,  three  kinds  of  equilibrium  may 
exist:  Stable,  Unstable,  and  Neutral  Equilibnum, 

1.  Stable  Equilibrium,  —  A  body  is  in  stable  equilibrium 
when,  on  being  slightly  disturbed  from  its  state  of  rest,  it 
tends  of  itself  to  return  to  that  state. 

This  will  be  the  case  when  the  centre  of  gravity  is  lower 
in  its  position  of  rest  than  it  is  in  any  of  the  neighboring  po- 
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sitions,  for  in  this  case  the  weight  of  the  body  acting  at  the 
centre  of  gravity  tends  to  keep  it  in  the  lowest  position.  If 
slightly  disturbed  from  the  lowest  position,  the  weight  will  act 
to  draw  it  back,  and  so  establish  the  equilibrium. 

We  have  an  example  of  stable  equilibrium  represented  in  Figs.  27 
and  28,  which  represent  images  often  met  with  in  the  toy-shops.  I  f 
the  image  be  inclined  to  one  side,  as  shown  in  Fig.  28,  it  will  by  its 
own  weight  right  itself,  and  take  the  position  shown  in  Fig.  27. 
These  figures  are  hollow  and  light,  and  are  ballasted  with  lead  at 
their  lower  part  so  as  to  throw  the  centre  of  gravity  very  low.  The 
result  is,  that  when  the  figure  is  incHned,  the  centre  of  gravity  is 
raised,  and  the  weight  acts  to  restore  it.  The  figure  settles  in  its 
primitive  state  of  rest  only  after  several  oscil- 
lations, which  are  due  to  the  inertia  of  the 
body.  The  explanation  of  this  oscillation  is 
the  same  as  that  given  for  the  oscillation  of  the 
pendulum. 

When  the  centre  of  gravity  is  considerably 
below  the  point  of  support,  a  body  may  be  in 
stable  equilibrium  even  when  the  base  is  very 
narrow.  Thus  a  cork  with  two  pocket-knives 
sticking  in  it  may  rest  upon  the  point  of  a  needle  and  be  in  stable 
equilibrium,  as  shown  in  the  figure.  In  this  case  the  heavy  handles 
of  the  knives  bring  the  centre  of  gravity  below  the  point  of  support. 

In  the  case  of  the  toy  shown 
in  Fig.  30,  the  heavy  ball  at- 
tached to  the  figure  brings  the 
centre  of  gravity  of  the  whole 
below  the  points  of  support.  It 
is  therefore  another  example  of 
stable  equilibrium. 

2.  Unstable  Equilihrinm. 
—  A  body  is  in  unstable 
equilibrium  when,  on  being 
slightly  disturbed  from  its 
state  of  rest,  it  does  not 
tend  to  return  to  that  state, 


Fig.  29. 


Fig.  30. 
but  continues  to  depart  from  it  more  and  more. 
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This  will  be  the  case  when  the  centre  of  gravity  is  higher  in  its 
position  of  rest  than  in  any  of  the  neighboring  positions.  When  the 
body  is  slightly  disturbed,  the  weight  acts  not  only  to  prevent  its 
return,  hut  also  to  cause  it  to  descend  still  lower. 

3.  Neutrcd  Equilibrium,  —  A  body  is  in  neutral  equilibrium 
when,  on  being  slightly  disturbed,  it  has  no  tendency  either 
to  retura  to  its  former  position  or  to  depart  farther  from  it. 

This  will  be  the  case  when  the  centre  of  gravity  is  at  the  same 
height  when  at  rest  as  in  any  other  position ;  for  example,  in  a  ball 
resting  upon  a  horizontal  table. 

Examples  of  the  three  kinds  of  equilibrium  are  given  in  Fig.  31. 
The  cone  A  is  in  stable  equilibrium,  because  its  centre  of  gravity  is 
at  its  lowest  possible  position.  The  cone  B  is  in  unstable  equilibrium, 
for  though  it  may  possibly  be  balanced  on  its  apex,  the  slightest  move- 
ment will  throw  the  line  of  direction  beyond  the  base  and  the  cone 
will  fall.  The  cone  C  is  in  neutral  equilibrium,  because,  if  it  is  rolled 
around,  the  centre  of  gravity  will  not  be  raised  or  lowered. 


Fig.  31. 

63.  Stability  of  Bodies.  —  From  what  has  been  said  in 
the  preceding  articles,  it  follows  that  bodies  will  in  general  be 
most  stable  when  their  bases  are  largest.  For  in  such  cases, 
even  after  a  considerable  inclination,  the  line  of  direction 
of  the  weight  will  pass  within  the  original  base,  and  the 
weight  will  act  to  return  the  body  to  its  original  state  of  rest. 
Hence  chairs,  lamps,  candlesticks,  and  many  other  familiar 
utensils,  are  constructed  with  broad  bases,  to  render  them 
more  stable. 

The  leaning  tower  of  Pisa  is  so  much  inclined  that  it  appears 
about  to  fall ;  yet  it  stands,  because  the  vertical  through  the  centre 
of  gravity  passes  within  the  base  of  the  tower.     Fig.  32  represents 
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a  tower  at  Bologna,  which  is  even  more  inclined  than  that  at  Pisa. 
This  tower  was  built  in  the  year  1 1 12,  and  received  its  inclination 
from  unequal  settling  of  the  ground  on  which  it  was  built.  It  does 
not  fall,  because  the  vertical  through  the  centre  of  gravity,  6r,  passes 
within  its  base.. 


Fig.  32. 

In  the  cases  considered,  the  position  of  the  centre  of  gravity  re- 
mains the  same  for  the  same  body.  With  men  and  animals  the 
position  of  the  centre  of  gravity  changes  with  every  change  of  atti- 
tude, which  requires  a  proper  adjustment  of  the  feet,  to  maintain  a 
position  of  stability. 

When  a  man  carries  a  burden,  as  shown  in  Fig.  33,  he  leans  for- 
ward, that  the  direction  of  his  own  weight  with  that  of  his  burden 
may  pass  between  his  feet.     When  a  man  carries  a  weight  in  one 

Digitized  by  LjOOQ IC 


SUMMABY. 


47 


hand,  as  shown  in  Fig.  34,  he  throws  his  body  toward  the  opposite 
side  for  the  same  reason. 

In  the  art  of  rope-dancing,  the  great  diflBculty  consists  in  keeping 
the  centre  of  gravity  exactly  over  the  rope.  To  attain  this  result 
the  more  easily,  a  rope-dancer  carries  a  long  pole,  called  a  balancing 
pole,  and  when  he  feels  himself  inclining  towards  one  side,  he  ad- 
vances his  pole  towards  the  other  side,  so  as  to  bring  the  common 
centre  of  gravity  over  the  rope,  thus  preserving  his  equilibrium.  The 
rope-dancer  is  in  a  continual  state  of  unstable  equilibrium. 


Fig.  83.  Fig.  84. 

Summary. — 

Grai-itation. 

Law  of  Universal  Gravitation. 

Motion  of  Planets  in  their  Orbits. 
Terrestrial  Gravity, 

Law  of  Terrestrial  Gravity. 

Gravity  at  Different  Places  on  the  Earth's  Surface. 

Vertical  and  Horizontal  Lines. 

Weight  an  Effect  of  Gravity. 
Centre  of  Gravity, 

Line  of  Direction. 

Position  of  Centre  of  Gravity  in  Bodies  of  various  Fonns. 
Equilibrium, 

Centre  of  Gravity  in  Stable  Equilibrium. 
Illustrations. 
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Equilibrium  (continued). 
Unstable  Equilibrium. 

Position  of  Centre  of  Gravity. 
Neutral  Equilibrium. 

Position  of  Centre  of  Gravity. 
Examples. 
Stability  of  Bodies. 
Leaning  Towers. 
Equilibrium  of  Men  and  Animals. 
Rope-dancing. 


64.  Laws  of  Falling  Bodies.  —  When  bodies  starting 
from  a  state  of  rest  fall  freely  in  a  vacnum,  that  is, 
without  experiencing  any  resistance,  they  conform  to 
the  following  laws:  — 

\.  All  bodies  fall  equally  fast. 
A  2.  The  velocities   acquired  during  the 

fall  are  proportioned  to  the  times  occupied 
in  falling. 

3.  The  spaces  passed  over  are  pro- 
portional to  the  squares  of  the  times 
occupied  in  falling. 

The  first  law  is  verified  by  the  following 
experiment.  A  glass  tube,  six  feet  long 
(Fig.  35),  is  closed  at  one  end,  and  at  the 
other  it  has  a  stop-cock,  by  which  it  can 
be  closed  or  opened  at  pleasure.  A  small 
leaden  ball  and  a  feather  are  introduced 
within  the  tube.  So  long  as  the  tube  is 
full  of  air,  if  it  be  suddenly  inverted,  it 
will  be  observed  that  the  ball  reaches  the 
bottom  sooner  than  the  feather.  If  now 
the  air  be  exhausted  by  means  of  an  air- 
pump,  and  the  tube  suddenly  inverted, 
both  the  ball  and  the  feather  will  be  seeii 
to  fall  through  the  length  of  the  tube  in 

the  same  time.     This  experiment,  besides 

Fig.  35.  verifying  the  law,  shows  also  that  the  air 
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offers  a  resistance,  which  is  greater  for  light  than  for  heavy  bodies. 
This  resistance  is  proportional  to  the  surface  offered  to  the  direction 
of  the  fall. 

2.  The  second  law  is  a  consequence  of  Inertia  combined 
with  the  continued  action  of  gravity. 

Let  a  body  fall  from  a  state  of  rest,  and  at  the  end  of  the  first  sec 
ond  it  will  have  acquired  a  certain  velocity.  If  gravity  should  then 
cease  to  act,  the  body  would,  in  consequence  of  its  inertia,  continue  to 
fall  at  the  same  uniform  rate.  But  the  continued  action  of  gravity 
during  the  next  second  generates  the  same  velocity  as  in  the  fii-st, 
and  this  added  to  the  velocity  acquired  during  the  first  second  gives 
the  velocity  at  the  end  of  two  seconds,  which  is  twice  that  which  is 
attained  at  the  end  of  the  firet  second. 

So  also  the  velocity  at  the  end  of  two  seconds  added  to  that  ac- 
quired during  the  third  second  will  make  the  velocity  at  the  end  of 
the  third  second  three  times  as  great  as  at  the  end  of  the  first  second. 
In  the  same  way  it  may  be  shown  that  the  velocity  at  the  end  of  the 
fourth  second  will  be  four  times  as  great  as  at  the  end  of  the  first, 
and  so  on. 

The  space  through  which  a  body  will  fall,  under  the  in- 
fluence of  gravity  alone,  during  the  first  second  is  found  b}^ 
experiment  to  be  about  16^^  ^'^et.  Its  average  velocity  dur- 
ing the  first  second  is  therefore  IGy^  feet  per  second. 

Now,  as  the  body  begins  to  fall  from  a  state  of  rest,  or  at  the  ve- 
locity of  zero,  it  follows  that  its  velocity  at  the  end  of  the  first  second 
will  be  just  twice  its  average  velocity  durhig  that  second,  or  32^  feet 
per  second. 

This  is  the  increment  of  velocity,  i.  e.  the  amount  by  which  the 
velocity  is  increased  during  each  second  of  the  body^s  descent.  Tak- 
ing the  average  velocity  of  the  descent  during  the  fii-st  second  as 
unity,  the  velocities  at  the  end  of  each  successive  second  will  be  rep- 
resented by  the  series  of  even  numbers  2,  4,  t),  8,  etc. 

3.  To  estimate  the  space  through  which  the  body  passes  during  each 
second  of  its  descent,  let  1  represent  the  space  described  during  the 
first  second.  Then,  in  consequence  of  its  acquired  velocity  alone,  the 
body  would  in  the  next  second  pass  through  two  such  spaces,  while 
the  continued  action  of  gravity  will  cany  it  through  one  space,  mak- 
ing the  total  descent  3,  that  is,  three  times  that  of  the  first  second. 
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Then  at  the  beginning  of  the  third  second,  the  body  having  acquired  a 
velocity  of  4,  its  inertia  alone  will  carry  it  through  four  spaces,  aud 
the  action  of  gravity  during  this  second  will  add  one  space^  making 
the  whole  space  traversed  in  the  third  second  equal  5. 

In  the  same  way  it  can  be  shown  that  the  spaces  traversed  during 
the  succeeding  seconds  will  be  indicated  by  the  series  of  odd  numbers 
7,  9,  11,  etc. 

It  will  be  seen  that  the  numbers  of  this  series  may  be  obtained  by 
adding  one  to  each  of  the  even  numbers  representing  the  velocities, 
taking  zero  to  represent  the  initial  velocity. 

4.  The  total  space  passed  through  at  the  end  of  any  given 
time  may  be  found  by  adding  the  numbers  which  denote  the 
space  passed  through  during  each  successive  second ;  thus,  at 
the  end  of  the  fourth  second,  we  find,  by  adding  the  numbers 
1,  3,  5,  7,  that  the  total  space  is  represented  by  the  number  16. 

It  will  be  seen  that  this  sum  is  always  equal  to  the  square  of  the 
number  of  seconds  during  which  the  body  is  falling. 

This  agrees  with  the  thu*d  law  of  falling  bodies,  as  previously  stated. 

These  results  are  shown  in  the  following  table :  IGj^gft.  = 
the  unit  of  space. 


Number 
of  Seconds. 

Velocities  at  the 
End  of  each  Second. 

Spaces  traversed 
during  each  Second. 

Total  Number  of 
Spaces  traverseil. 

I 

2 

1 

1 

o 

4 

3 

4 

3 

0 

5 

9 

4 

8 

7  -- 

16 

5 

10 

9 

25 

6 

12 

a 

;« 

etc. 

etc. 

etc. 

etc. 

From  the  principles  here  developed  we  derive  the  following 
rules :  — 

1.  To  find  the  velocity  acquired  by  a  falling  body  at  the 
end  of  any  given  time, 

Multiply  32  J  y?.  by  the  number  of  seconds  in  the  given  time. 

Example.     Find  the  velocity  of  a  falling  body  at  the  end  of  the 

fifth  second.  .^.^         _        ,^.,.*c.     a 

a2ift.  X  5  =  lOOjft.,  Ans. 
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2.  To  find  the  space  passed  over  during  any  given  second 
of  the  descent, 

Multiply  l^^ft,  by  that  one  in  the  series  of  odd  numbers  which 
corresponds  to  the  number  of  the  second. 

Example.  Find  the  space  traversed  by  a  falling  body  during  the 
fourth  second  of  its  descent. 

16^  ft.  X  7=112^yft.,  Ans. 

3.  To  find  the  whole  distance  traversed  by  a  falling  body 
during  a  given  time, 

Multiply  16^  ft.  by  the  square  of  the  given  number  of  seconds. 

Example.  Find  the  whole  distance  traversed  by  a  falling  body  in 
six  seconils.  jg^  ft.  x  36  =  579  ft.,  Ans. 

65.  Apparatus  for  verifying  the  Laws  of  Falling 
Bodies.  —  When  bodies  are  allowed  to  fall  freely  from  a 
height,  it  is  not  easy  to  compare,  or  measure  accurately,  the 
spaces  described  during  each  second  of  their  descent. 
Methods  have  therefore  been  devised  which  diminish  the 
velocity  without  otherwise  changing  the  character  of  the 
motion.  The  simplest  of  these  methods  is  that  adopted  by 
Galileo.  He  used  an  inclined  plane,  having  a  groove,  down 
which  a  heavy  ball  was  made  to  roll.  By  making  the  incli- 
nation small,  the  rate  of  motion  was  so  reduced  that  it  could 
be  easilj*  measured. 


Fig.   8fi. 

In  Fig.  3G,  let  the  line  A  B  represent  an  inclined  plane,  and  sup- 
pose the  inclination  to  be  such  that  a  hall  placed  at  c  will  move  over 
the  space  cd  in  one  second.  In  the  next  second  it  will  traverse  a 
space,  d  c,  three  times  as  great,  and  in  the  third  seoond  a  space  five 
times  as  great,  as  in  the  first  second ;  and  so  on  in  the  ratio  of  the 
series  of  odd  numbers,  as  given  in  the  table. 

By  measuring  the  space  described  during  any  given  number  ot 
seconds,  it  will  be  found  to  be  equal  to  that  described  during  the  firat 
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second,  multiplied  by  the  square  of  the  number  of  seconds ;  thus,  if 
the  ball  moves  one  foot  in  the  first  second,  in  three  seconds  it  will 
move  over  a  space  of  nine  feet.  These  experiments  verify  the  laws 
already  stated. 

66.  Bodies  thrown  perpendicularly  up^vard.  —  It 
has  been  shown  that  a  body  falling  freely  gains  in  velocit}' 
32^  feet  during  each  second  of  its  descent.  The  force  of 
gravity  diminishes  an  upward  motion  in  the  same  degree  that 
it  increases  a  downward  motion ;  hence  a  body  thrown  per- 
pendicularly upward  will  lose  in  velocity  32^  feet  during  each 
second  of  its  ascent. 

The  number  of  seconds  during  which  it  will  continue  to  rise 
ma}'  therefore  be  found  hy  dividing  its  initial  velocitj*,  or 
that  with  which  it  was  projected  upward,  by  32^. 

For  example,  a  body  thrown  upward  with  a  velocity  of  128§  feet 
per  second,  wiU  continue  to  rise  during  four  seconds. 

Having  found  the  time,  the  whole  distance  to  which  the  body  will 
rise  is  easily  ascertained ;  for  it  is  the  same  as  the  distance  through 
which  the  body  would  fall  in  the  given  time. 

Example.  Suppose  a  body  thrown  upward  with  a  velocity  of 
193  feet  per  second,  to  what  distance  will  it  rise  ? 

193  -^  32^  =  6;   16^  X  36  =  579  ft.  Ans. 

67.  Projectiles.  —  A  body  thrown  into  the  air  at  any  angle 
is  called  a  projectile.     Suppose  a  ball  is  fired  from  A  in  the 

horizontal  direction  AF.  If 
the  force  of  gravity  did  not 
act,  the  ball  would  move  uni- 
formly in  the  direction  A  F^ 
passing  over  equal  spaces  in 
equal  times.  If  the  ball  moved 
from  -4  to  ^  in  one  second, 
it  would  reach  O  in  two  sec- 
onds, D  in  three  seconds,  and 
so  on.  But  if  the  ball  were  let  fall  from  A  without  any  other 
force  than  gravity  to  act  upon  it,  it  would  move  in  a  vertical 
direction,  and  the  spaces  A  L^  LM,  MN^  etc.,  described  in 
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successive  seconds,  would  be  as  the  numbers  1,  3,  5,  7,  etc. 
If,  now,  the  ball  be  acted  upon  b}^  both  these  forces,  it  will 
be  found  at  the  close  of  each  second  at  the  extremity  of  the 
diagonal  of  a  parallelogram  whose  sides  represent  these  sepa- 
late  motions  ;  that  is,  at  the  end  of  the  first  second  it  will  be 
found  at  1,  at  the  end  of  the  next  second  at  2,  at  the  end 
of  the  third  at  3,  and  so  on. 

The  curve  thus  described  is  called  a  parabola. 
If  a  ball  be  fired  obliquely  upward  it  will  move  in  a  curve  of  the 
same  kiod^  but  varying  according  to  the  angle  of  elevation,  as  shown 
in  Fig.  38.    The  greatest  range  or  hori- 
zontal distance  will  be  attained  with  an 
elevation  of  45°,  and  the  range  will  be 
the  same  for  elevations  equally  above 
or  below  45°,  as  at  20°  and  70°. 

These  results  are  correct  only  for 
bodies  moving  in  a  vacuum.     In  the 
case  of  bodies    moving    very    swiftly 
through  the  air,  as  a  cannon-ball  or^ 
rifle-bullet,  the  nature  of  the  curve  is  I^'Jg-  38. 

modified  by  the  resistance  of  the  air.  The  angle  of  elevation  neces- 
sary for  the  greatest  range  is  also  changed  to  about  40°  instead  of  45°. 

68.  Time  of  a  Projectile.  —  A  ball  fired  horizontally 
will  reach  the  level  ground  at  the  same  time  as  if  it  were 
dropped ;  if  fired  obliquely  upward,  it  will  reach  the  ground 
in  twice  the  time  required  to  fall  from  its  highest  point  of 
elevation.  These  results  are,  however,  modified  by  the  re- 
sistance of  the  air. 

Summary.  — 

Laws  of  Falling  Bodies. 

Statement  of  the  Laws. 

Verification  of  First  Law. 
Demonstration  of  Second  Law, 
Demonstration  of  Third  Law, 
Tabular  Statement. 

Rules  and  Examples. 

Galileo's  Method. 
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Bodies  thrown  upward. 

Law  and  Examples. 
Projectiles. 

Path  of  a  Projectile. 

Time  of  a  Projectile. 

Range  of  a  Projectile. 

69.  The  Pendulum.  —  A  Pendulum  is  a  heavy  body 
suspended  from  a  horizontal  axis  about  which  it  is  free  to 
vibrate.  Thus,  the  ball  rw,  suspended  from  (7  by  a  string 
(Figs.  39  and  40) ,  is  a  pendulum. 

I^^^  ^^B^^H       When  the  centre  of  the  hall^  m, 

^^^^^^    is  exactly  below  the  point  of  sus- 
/  ;\  pension,  C  (Fig.  39),  it  is  in  equi- 

/  ;  \  librium,  for  in  that   position   the 

/    j    \  action  of  gravity  is  resisted  by  the 

i      \  tension  of  the  string.    If,  however, 

I  \  the  ball  be  drawn  aside  to  n  (Fig. 
i  \  40),  it  is  no  longer  in  equilibrium, 
j  \      for  in  that  position  the  force  of 

^^— _sLlI^^^^^^^j«  gravity  acts  to  draw  it  back  to  w, 
'*     »        ^  at  which  point  it  will  arrive  with 

Fig.  39.  Fig.  4f>.  |]jg  ^2imG  velocity  as  though  it  had 

fallen  through  the  vertical  height  0  m.  In  consequence  of  its  inertia 
and  acquired  velocity,  the  hall  does  not  stop  at  ???,  but. moves  on 
towards  p.  In  descending  from  n  to  ?w,  the  force  of  gravity  acts 
as  an  accelerating  force,  but  in  ascending  from  m  to  p,  it  acts  as  a 
retarding  force,  hence  the  hall  moves  slower  and  slower  until  it 
reaches  p.  The  distance  in  p  would  be  rigorously  equal  to  w/  w, 
were  it  not  for  the  resistance  of  the  air. 

The  ball,  having  reached  p,  is  in  the  same  state  as  it  was  at  n ; 
tlie  weight  again  acts  to  draw  it  back  to  wi,  whence,  by  virtue  of  its 
inertia  and  velocity,  it  again  rises  to  w,  and  so  on  indefinitely. 

Tliis  backward  and  forward  motion  is  called  Oscillatory  Motion, 
A  single  excui-sion  from  n  to  p  or  from  p  to  n,  is  called  a  Simple 
Oscillation,  or  Vibration,  An  excui*sion  from  n  to  p,  and  back  again 
to  w,  is  called  a  Double  Oscillation.  The  angle  p  Cn  \&  called  the 
angle  of  the  Amplitude  of  the  oscillation. 

In  consequence  of  the  resistance  of  the  air,  the  amplitude  is  con- 
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tinually  diminishing,  and  the  ball  eventually  comes  to  rest,  thongh 
often  not  till  after  the  lapse  of  some  hours. 

70.  Simple  and  Compound  Pendulums.  —  A  Simple 
Pendulum  is  such  a  pendulum  as  would  be  formed  by  sus- 
pending a  single  material  point  by  a  string  destitute  of 
weight. 

Such  a  pendulum  may  exist  in  theory,  and  is  thus  useful  in 
arriving  at  the  laws  of  oscillation,  but  in  practice  it  can  only  be 
approximated  to  by  making  the  ball  very  small  and  the  string  very 
fine. 

A  Compound  Pendulum  is  any  heavy  body  which  is  free 
to  oscillate  about  a  horizontal  axis. 

It  may  be  of  any  form,  but  in  general  it  consists  of  a  stem,  T 
(Fig.  41),  which  is  either  of  wood  or  metal.  The  stem  terminates 
above  in  a  thin  and  flexible  plate,  a,  usually  of  steel ;  it  terminates 
below  in  a  disk  of  metal,  X,  called  the  ball,  which  is  of  a  lenticular 
shape,  that  the  resistance  of  the  air  to  its  motion  may  be  as  little  as 
possible. 

71.  Laws  of  Oscillation  of  the  Pendulum.  —  The 
oscillations  of  the  pendulum  take  place  in  accordance  with 
the  following  laws  :  — 

1 .  For  pendulums  of  unequal  lengths,  the  times  of  oscillation 
are  proportional  to  the  square  roots  of  their  lengths, 

2.  For  the  same  pendulum,  the  time  of  oscillation  is  independent 
of  the  amplitude,  provided  the  amplitude  he  small. 

3.  For  pendulums  of  the  same  length,  the  time  of  oscillation  is 
independent  of  the  nature  of  the  material. 

Pendulums  of  wood,  iron,  copper,  glass,  all  being  of  the  same 
length,  will  all  oscillate  in  the  same  time. 

4.  For  the  same  pendulum  at  different  places^  the  times  of  osciU 
IcUion  are  inversely  as  the  square  roots  of  the  force  of  gravity  at 
those  places. 

These  laws  are  deduced  from  a  course  of  mathematical  reasoning 
on  the  theoretical  simple  pendulum,  but  they  may  be  verified  experi- 
mentally by  employing  a  very  small  ball  of  platinum,  or  other  heavy 
metal,  and  suspending  it  with  a  viry  fine  silk  thread. 


Digitized 


by  Google 


56  GRAVITATION. 

To  verify  the  first  law  with  such  a  pendulum,  we  begin  by  making 
it  vibrate,  and  then  counting  the  number  of  vibrations  in  one  minute. 
Suppose,  for  example,  that  it  makes  seventy-two  per  minute.  Now 
make  the  string  four  times  as  long  as  before,  and  it  will  be  found 
that  the  pendulum  makes  only  thirty-six  oscillations  per  minute.  If 
the  sti-ing  is  made  nine  times  as  long  as  in  the  first  instance,  it  will 
be  found  that  the  pendulum  makes  only  twenty-four  oscillations  per 
minute,  and  so  on.  In  the  second  c^ise  the  time  of  oscillation  is  twice 
as  great,  and  in  the  third  case  it  is  three  times  as  great  as  in  the  first 
case.  Now,  because  two,  three,  etc.,  are  the  square  roots  of  four, 
nine,  etc.,  it  follows  that  the  law  is  verified. 

To  verify  the  second  law,  let  the  same  pendulum  oscillate,  at  first 
through  an  arc,  p  n  (Fig.  40),  and  then  through  any  other  arc,  r  ^;  it 
will  be  found  that  the  number  of  oscillations  per  minute  is  the  same  in 
each  case.  Hence  the  law  is  verified.  It  is  to  be  observed  that  the 
law  does  not  hold  true  unless  the  arcsjjw  and  rg  are  very  small,  that 
is,  not  more  than  three  or  four  degrees. 

The  property  of  pendulums,  that  their  times  of  oscillation  are 
independent  of  the  amplitude  of  vibration,  is  designated  by  the  name 
isochronisniy  from  two  Greek  words,  signifying  equal  times;  oscilla- 
tions perfonned  in  equal  times  are  called  isochronal. 

Galileo  first  discovered  the  fact  that  small  oscillations  of  a 
pendulum  were  isochronal  towards  the  end  of  the  sixteenth  century. 
It  is  stated  that  he  was  led  to  the  discovery  by  noticing  the  oscil- 
lations of  a  chandelier  suspended  from  the  ceiling  of  the  Cathedral 
of  Pisa. 

72.  Centres  of  Suspension  and  Oscillation.  —  In  the 
eoiu[)oiuKl  penduliiin  the  weight  of  the  suspencling-rod  and  of 
the  ball  arc  to  be  considered.  Since  a  short  pendulum  vi- 
brates more  rapidly  than  a  long  one,  it  is  plain  that  the  parts 
nearest  the  point  of  susi)ension  will  tend  to  vibrate  in  the 
shortest  time,  and  those  failhest  from  that  point  in  the  longest 
time.  But  the  whole  must  move  together,  and  consequently 
the  rapid  vibrations  of  the  upper  part  of  the  pendulum  are 
retarded  bj'  the  slower  vibrations  of  the  lower  part.  There 
is  a  point,  however,  where  the  natural  rate  of  vibration  is 
neither  accelerated  nor  retarded,  the  accelerating  effect  of 
the  part    above    beiug  exactly  balauced   by   the   letarding 
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effect  of  the  part  below.     This  point  is  called  the  centre  of 
oscillation. 

The  distance  between  the  point  of  suspension   and  the 
centre  of  oscillation  is  to  be  taken  as  the 
effective  length  of  the  pendulum. 

73.  Applications  of  the  Pendulum. 
—  On  account  of  the  isochronism  of  its 
vibrations,  the  pendulum  has  been  ap- 
plied to  regulate  the  motion  of  clocks. 
It  was  first  used  for  this  purpose  in  1657, 
b}-  HuYGHENS,  a  Dutch  philosopher.  The 
motive  power  of  a  clock  is  sometimes  a 
weight  acting  by  a  cord  wound  around  a 
drum,  and  sometimes  a  coiled  spring 
similar  to  a  watch-spring.  These  motors 
act  to  set  a  train  of  wheel- work  in  motion, 
which  in  turn  imparts  motion  to  the  hands 
that  move  round  the  dial  to  point  out  the 
hour.  It  is  to  impart  uniformity  of  mo- 
tion to  this  train  of  wheel- work  that  the 
pendulum  is  used. 

Fig.  41  shows  the  mechanism  by  means  of 
which  the  pendulum  acts  as  a  regulator.  A 
toothed  wheel,  JK,  called  a  scape- wheel,  is  con- 
nected with  the  train  driven  by  the  motor,  and 
this  scape-wheel  is  checked  by  an  anchor,  m  n, 
which  is  attached  to  the  pendulum  and  vibrates 
with  it.  The  anchor  has  two  projecting  points, 
m  and  n,  called  pallets,  which  engage  alter- 
nately with  the  teeth  of  the  scape- wheel  in  I 
such  a  manner  that  only  one  tooth  can  pass 
at  each  swing  of  the  pendulum.  The  motor 
turns  the  scape-wheel  in  the  direction  of  the 
arrow  until  one  of  the  teeth  comes  in  contact 
with  the  pallet  w,  which  stops  the  motion  of  the  wheel-work  till  a 
swing  of  the  pendulum  hfts  the  pallet  w  from  between  the  two  teeth, 
when   a  single  tooth  passes,  and  the  wheel- work  moves  on  unt"' 


Fig.  41. 
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again  arrested  by  the  pallet  n,  falling  between  two  teeth  on  the 
other  side.  A  second  swing  of  the  pendulum  lifts  out  the  pallet  n, 
suflfers  another  tooth  to  pass,  when  the  wheel- work  is  again  arrested 
by  the  pallet  w,  and  so  on  indefinitely.  The  beats  of  the  pendulum 
being  isochronous,  the  interval  of  time  between  the  consecutive  escape 
of  two  teeth  is  always  constant,  and  thus  the  motion  of  the  wheel- 
work  is  kept  unifonn.  The  loss  of  force  which  the  pendulum  con- 
tinually experiences  is  supplied  by  the  motor  through  the  scape- wheel 
and  the  anchor.  This  is  called  the  sustaining  power  of  the  pendulum. 
Owing  to  expansion  and  contraction  from  variations  of  tempera- 
ture, the  length  of  the  pendulum  varies,  and  accx)rding  to  the  first 
law,  its  time  of  vibration  changes.  In  nice  clocks  this  change  is 
compensated  by  a  combination  of  metals.  In  common  clocks  it  is 
rectified  by  lengthening  or  shortening  the  pendulum  by  a  nut  and 
screw,  shown  at  r,  by  means  of  which  the  lenticular  bob  may  be 
moved  up  and  down.  In  summer  the  pendulum  elongates  and  the 
clock  loses  time,  or  runs  too  slow ;  this  is  rectified  by  screwing  up 
the  nut  and  shortening  the  pendulum.  In  winter  the  pendulum 
contracts  and  the  clock  gains  time  ;  this  is  rectified  by  unscrewing 
the  nut  and  lengthening  the  pendulum. 

74.  Compensation  Pendulums  are  made 
by  using  two  metals  in  such  a  way  that  the 
expansion  of  one  part  downward  maj^  be  exactly 
counteracted  by  the  upward  expansion  of  the 
other  part,  thus  making  the  effective  length  of 
the  pendulum  always  the  same. 

One  of  the  most  common  forms  is  shown  in  Fig. 
42.  It  is  constructed  as  follows :  The  pendulum-rod, 
A  By  supports  a  glass  jar  partly  filled  with  mercury, 
enclosed  in  the  steel  framework,  FCDE.  When 
the  weather  is  warm,  the  rod  and  framework  expand 
and  thus  increase  the  length  of  the  pendulum.  But  at 
the  same  time  the  mercury  in  the  glass  jar  expands  and 
rises,  so  that  by  a  proper  adjustment  the  centre  of 
oscillation  is  carried  as  far  upward  by  the  expansion 
of  the  mercury  as  downward  by  the  expansion  of  the 
ig-    ^        Yod  and  framework.     The  distance  between  the  centres 

of  suspension  and  oscillation  remaining  the  same,  the  vibrations  of 

the  pendulum  continue  unaltered. 
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In  another  form  of  the  compensating  pendulum,  the  ball  is  sup- 
ported by  a  framework  composed  of  rods  of  different  metals,  so 
adjusted  that  the  downward  expansion  of  one  part  is  exactly  com- 
pensated by  the  upward  expansion  of  the  other  part. 

In  the  form  shown  in  Fig.  43,  called  the  gridiron  pendulum,  there 
are  five  steel  bars  expanding  downward  and  four 
brass  bars  expanding  upward.  As  the  relative 
expansibility  of  brass  compared  with  steel  is  as 
100  to  61,  the  length  of  the  steel  bars  is  Vt^  that 
of  the  brass. 

75.  Length  of  the  Seconds  Pendu- 
lum. —  The  length  of  the  pendulum  vibrat- 
ing seconds  has  been  very  accurately  deter- 
mined. At  the  same  place  it  is  invariable, 
but  it  varies  with  the  latitude.  At  the 
equator  it  is  39.0217  inches  ;  at  New  York, 
39.10237  inches;  at  Spitzbergen,  39.21614 
inches.  The  cause  of  this  variation  is  the 
difference  in  the  force  of  gravity  in  different 
places,  due  to  the  spheroidal  shape  of  the 
eaith. 

The  polar  diameter  of  the  earth  being  twenty- 
six  miles  shorter  than  the  equatorial  diameter, 
any  point  on  the  surface  of  the  earth  near  either 
pole  is  nearer  the  centre,  and  the  force  of  teiTes- 
trial  gravity  is  stronger  than  at  points  on  or  near 
the  equator.  Consequently,  a  pendulum  which  vibrates  seconds  at 
the  equator,  on  being  carried  to  a  latitude  of  40°  to  50°,  is  more 
strongly  acted  upon  by  gravity,  and  vibrates  more  rapidly.  In  order, 
therefore,  that  it  may  continue  to  make  exactly  one  vibration  in  each 
second,  the  rapidity  of  vibration  must  be  diminished  by  increasing 
the  length  of  the  pendulum. 

Summary.  — 

The  Pendulum. 

Vibration  or  Oscillation. 

Illustration. 
Simple  Pendulum. 
Compound  Pendulum. 


Fig.  43. 
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Laws  of  Oscillation  of  the  Pendulum. 

Statement  of  the  Laws. 

Verification  of  First  Law. 
^'  Second  Law. 

Centres  of  Suspension  and  Oscillation, 

Application  to  Clock  Work. 
Illustration. 
Compensation  Pendulums. 

The  Mercurial  Pendulum. 

The  Gridiron  Pendulum. 
Length  of  the  Seconds  Pendulum. 

1,  At  the  Equator. 

2.  In  High  Latitudes. 

Cause  of  the  Variation. 


SECTION    III.  —  WORK   AND    ENERGY. 

76.  Work.  —  The  term  work  as  used  in  mechanics  means 
(he  production  of  motion  against  resistance. 

It  is  obvious  that  this  definition  will  apply  not  only  to  the 
labor  of  men  and  animals,  but  to  the  action  of  forces  of  other 
kinds  —  as  those  of  wind,  water,  and  steam  —  when  em- 
ployed in  overcoming  resistance. 

In  this  sense,  drawing  loads,  raising  weights,  pumping 
water,  forging  iron,  pressing  cotton,  etc.,  are  all  examples 
of  work,  whatever  may  be  the  forces  employed  in  the  various 
operations. 

77*  Measurement  of  Work. — The  work  done  in  rais- 
ing a  weight  to  a  given  height  is  generally  taken  as  a  stand- 
ard for  the  measurement  of  work. 

In  this  country  and  in  England  the  unit  of  work  commonly 
adopted  is  the  foot -pound. 

This  Is  the  amount  of  work  required  to  raise  one  pound 
one  foot  against  the  force  of  gravit}'. 

The  unit  of  the  Metric  S3'8tein  is  the  work  required  to 
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raise  one  kilogram  to  a  height  of  one  meter.     It  is  called  a 
kiloy  ram-meter. 

To  find  a  numerical  expression  for  the  work  in  a  given  example, 
we  multiply  the  number  of  weight  units  raised  by  the  number  of 
linear  units  in  the  vertical  height  to  which  the  body  is  raised.  A 
weight  of  20  lbs.  raised  4  feet,  or  a  weight  of  4  lbs.  raised  20  feet 
represents  80  foot-pounds.  A  weight  of  25  kilograms  raised  5  meters 
represents  125  kilogram-meters. 

78.  Horse-Pov^er.  —  It  has  been  estimated  that  the 
strength  of  a  horse  is  on  the  average,  suflScient  to  raise 
33,000  pounds  vertically  through  one  foot  in  a  minute  ;  hence 
a  horse-power  is  a  power  which  can  perform  33,000  units  of 
work  in  a  minute. 

The  capacity  of  steam-engines  and  other  powerful  machines  is 
generally  rated  by  horse-powers ;  thus,  an  engine  is  said  to  be  of  ten 
horse-power  if  it  is  capable  of  doing  work  equivalent  to  raising  33,000 
lbs.  10  feet  in  one  minute,  or  330,000  lbs.  one  foot  in  a  minute. 

The  time  required  for  the  work  is  an  essential  part  of  the  calcula- 
tion. If  an  engine  can  do  33,000  units  of  work  in  half  a  minute,  it 
is  of  two  horse-power ;  if  it  can  do  the  same  work  in  one  second,  it  is 
of  sixh/  horse-power. 

79.  Energy  is  the  power  of  doing  work,  that  is,  of  over- 
coming resistance.  Any  moving  body  can  overcome  resist- 
ance, and  therefore  possesses  a  certain  amount  of  energy. 
The  amount  of  energy  in  a  moving  body  depends  upon  its 
weight  and  velocity.  The  direction  in  which  it  moves  makes 
no  difference  in  the  energy  with  which  it  acts.  If  its  energy 
is  exi)ended  in  lifting  itself  against  the  force  of  gravity,  we 
can,  if  its  weight  and  velocity  are  known,  determine  the 
amount  of  this  energy  in  foot-pounds,  or  kilogram-meters. 

TcTdo  this  we  have  simply  to  find  the  vertical  height  to  which 
the  given  velocity  would  lift  the  body,  and  multiply  the  weight  by 
the  height.  Let  m  =  the  mass  of  a  body,  and  v  the  velocity  with 
which  it  is  moving,  and  its  energy  will  be  expressed  by  the  formula 
^mv^'y  that  is,  its  energy  is  equal  to  one  half  its  mass  multiplied 
by  the  square  of  its  velocity. 
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80.  Kinetic  and  Potential  Energies.  —  To  understand 
these  two  types  of  energy,  let  us  consider  the  ease  of  a  heavy 
body  thrown  directly  upward  into  the  air.  As  it  begins  to 
rise,  it  has  a  certain  amount  of  energy  depending  upon  the 
velocit}'  with  which  it  moves.  This  is  its  energy  of  motion. 
As  it  continues  to  rise,  its  velocity,  and  consequently  its 
energy  of  motion,  decreases,  until  at  the  highest  point  which 
it  reaches  it  has  no  longer  any  energy  of  motion.  But  in 
consequence  of  its  elevated  position,  it  has  the  power  of 
doing  work  in  its  fall  to  the  earth  again ;  that  is,  it  has 
energy  of  position. 

Energy  of  motion  is  called  kinetic  energ}-. 

Energy  of  position  is  called  potential  energy. 

In  the  case  just  given,  the  sum  of  the  two  types  of  energy  remains 
the  same  for  every  position  of  the  hody ;  for,  as  it  rises,  kinetic  en- 
ergy decreases,  and  potential  energy  increases  in  exactly  the  same 
proportion,  while  in  its  descent  potential  energy  decreases  and 
kinetic  energy  increases  till  the  body  comes  to  rest  in  its  original 
position. 

A  body  may  have  energy  of  position  from  other  causes  than  being 
raised  to  a  height. 

A  bow  that  is  bent,  the  mainspring  of  a  watch  that  is  wound  up,  or 
any  body  in  which  reserved  force  is  stored  up  has  potential  energy. 

Summary.  — 
Work. 

Definition  of  Work. 
Examples. 
Measurement  of  Work, 

Unit  of  Work. 

The  Foot-Pound. 

The  Kilogram -Meter. 

Horse-Power. 
Energy, 

Measurement  of  Energy. 

Kinetic  Energy. 

Potential  Energy. 
Illustration. 

Examples  of  Potential  Energy. 


Digitized 


by  Google 


CHAPTER    m. 

APPLICATION  OF  PHYSICAL  PRINCIPLES  TO  MACHINES. 
SECTION   I.  —  GENERAL   PRINCIPLES. 

Bi.  A  Machine  is  a  contiiyance  by  means  of  which 
a  force  applied  at  one  point  is  made  to  produce  an 
effect  at  some  other  point. 

The  force  applied  is  called  the  power ^  and  the  force  to  be  overcome 
is  called  the  weighty  or  load. 

82.  Motors.  —  The  working  of  a  machine  requires  a  con- 
tinued application  of  power.  The  source  of  this  power  is 
called  the  Motor. 

Some  of  the  most  important  motors  are  tnitscular  effort^  as  exerted 
by  man  or  beast,  in  various  kinds  of  work ;  the  weight  and  impulse 
of  water,  as  in  water-mills;  the  impulse  of  air,  as  in  wind-mills; 
the  elastic  force  of  springs,  as  in  watches;  the  expansive  force  of 
vapors  and  gases,  as  in  steam  and  hot-air  engines.  The  last  is, 
perhaps,  the  most  useful  of  the  motors  mentioned. 

83.  Object  and  Utility  of  Machines.  —The  object  of  a 
machine  is  to  transmit  the  power  furnished  by  the  motor,  and 
to  modify  its  action  in  such  a  manner  as  to  cause  it  to  pro- 
duce a  useful  effect. 

In  no  case  does  a  machine  add  anything  to  the  power  applied  to 
it;  on  the  contrary,  it  absorbs  more  or  less  of  this  power,  according 
to  the  nature  of  the  work  to  be  done  and  the  connection  existing  be- 
tween the  parts. 

Some  of  the  circumstances  which  cause  an  absorption  of  power 
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are  the  rubbing  of  one  part  upon  another,  ^he  stiffness  of  bands  and 
belts,  the  resistance  of  the  air,  the  adhesion  of  one  part  to  another, 
and  the  want  of  hardness  and  elasticity  in  the  materials  of  which  the 
machine  is  constructed.  The  resistances  arising  from  these  causes  are 
c^ed  hurtful  resistances.  They  not  only  absorb  much  of  the  power 
applied,  but  they  also  contribute  to  wear  out  the  machine.  The 
existence  of  these  resistances  in  every  machine  requires  a  continued 
supply  of  power  to  overcome  them  in  addition  to  that  necessary  to 
perform  the  useful  work.  Hence  the  absurdity  of  attempting  to  ob- 
tain perpetual  motion. 

84.  General  Law^s  of  Machines.  —  The  idea  of  Work, 
in  mechanics,  implies  that  a  force  is  continually  exerted,  and 
that  the  point  at  which  it  is  applied  moves  through  a  certain 
space.  Thus,  in  raising  a  weight,  the  work  performed  de- 
pends Jirst  upon  the  weight  raised,  and  secondly  upon  the 
height  through  which  it  is  raised.  The  quantity  of  work  of  a 
force  in  any  given  time  is  measured  by  the  intensity  oftheforcc^ 
multiplied  by  the  distance  through  which  it  is  exerted.  This 
distance  is  called  the  path  described. 

The  work  of  the  power  is  always  equal  to  the  work  of  the  load. 
Hence,  if  by  the  use  of  a  machine,  a  power  of  one  pound  can 
be  made  to  raise  a  weight  of  ten  pounds,  the  power  must  move 
through  ten  times  the  distance  traversed  by  the  weight ;  and 
as  the  spaces  are  traversed  in  the  same  time  the  power  must 
move  ten  times  as  fast  as  the  weight. 

The  power  is  not  necessarily  less  than  the  weight ;  for  a 
machine  may  be  so  constructed  that  a  power  of  ten  pounds  will 
be  required  to  lift  a  weight  of  one  pound ;  but  in  this  case 
the  weight  will  move  through  ten  times  the  space,  and  with 
ten  times  the  velocity  of  the  power.  Machines,  therefore, 
may  be  used  in  two  waj's,  —  by  making  the  power  move  with 
great  velocity  to  move  heavy  weights  very  slowl}',  or  by  the 
use  of  great  power  to  move  small  weights  very  rapidly. 

In  either  case  the  following  general  laws  will  apply  to 
machines  of  all  kinds. 

1.    What  is  gained  in  intensity  of  force  is  lost  in  time,  velocity^ 
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or  distance  ;  and  what  is  gained  in  time,  velocity^  or  distance  is 
lost  in  intensity  of  force, 

2.  The  power  multiplied  by  the  distance  through  which  it 
moves  is  equal  to  the  weight  multiplied  by  the  distance  through 
which  it  moves. 

3.  The  power  multiplied  by  its  velocity  equals  the  weight  mul- 
tiplied by  its  velocity. 


SECTION    II.  —  ELEMENTARY   MACHINES. 

85.  Mechanical  Powers.  —  The  elementary  machines 
are  seven  in  number,  viz.,  the  cord,  the  lever,  the  inclined 
plane,  the  pulley,  the  wheel  and  axle,  the  screw,  and  the 
wedge.  These  seven  are  called  mechanical  powers.  The 
first  three  are  simple  elements  ;  the  remaining  ones  are 
combinations  of  these  three. 

86.  Cords,  and  Bands  or  Belts,  are  used  for  transmitting 
motion  from  one  point  to  another,  as  in  the  pulley.  Chains 
are  often  employed  for  the  same  purpose,  as  in  the  watch. 

Cords,  belts,  and  chains  should  be  as  flexible  as  is  consistent  with 
sufficient  strength. 

87.  The  Lever.  —  A  Lever  is  an  inflexible  bar  free  to 
turn  about  a  fixed  point,  called  the  Fulcrum,  and  acted  upon 
b}'  two  forces  which  tend  to  turn  it  in  opposite  directions. 
The  force  which  acts  as  a  motor  is  called  the  Power ;  the 
other  one  is  called  the  Weight,  or  Load. 

Levers  may  be  either  straight  or  cui-ved.  The  distances 
from  the  fulcrum  to  the  lines  of  direction  of  the  power  and 
weight  are  called  lever  arms. 

In  the  lever  MN  (Fig.  44),  F  is  the 
fulcrum,  MP  and  NR  are  the  lines  of 
direction  of  the  power  and  weight,  FA\a 
the  lever  arm  of  the  power,  and  FB  \& 
the  lever  arm  of  the  weight. 

Levers  are  divided  into  three  classes : 
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In  theirs*  class  (Fig.  45),  the  fulcrum  is  between  the  power  and 
the  weight. 

In  the  second  class  (Fig.  46),  the  weight  is  between  the  power  and 
the  fulcrum. 

In  the  third  class  (Fig.  47),  the  power  is  between  the  weight  ami 
the  fulcrum. 


L 


r 


Fig.  45. 


B 

Fig.  46 


Fig.  47. 


88.  Law  of  the  Lever.  —  The  product  of  the  power  mul- 
tiplied by  its  distance  from  the  fulcrum  is  equal  to  the  product  oj 
the  load  muUiplied  by  its  distance  from  the  fulcrum. 

Examples.  In  a  lever  of  the  first  kind  8  feet  long  with  the 
weight  2  feet  from  the  fulcrum  a  power  of  10  pounds  will  balauce 
a  weight  of  JJO  pounds. 

In  a  lever  of  the  second  kind,  8  feet  long,  with  the  weight  2 
feet  from  the  fulcrum,  a  power  of  JO  pounds  will  balance  a  weight 
of  40  pounds. 

In  a  lever  of  the  third  kind  8  feet  long,  with  the  power  2 
feet  from  the  fulcrum,  a  power  of  10  pounds  will  balauce  a  weight 
of  2J  pounds. 

89.  Examples  of  Levers.  —  Levers  are  of  continual  use 
in  the  arts,  forming  component  parts  of  nearly  every  machine. 


Fig.  4a 

A  pair  of  scissors  affords  an  example  of  the  first  class  of 
levers.  The  fulcrum  is  at  C  (Fig.  48),  the  hand  furnishes  the 
power,  and  the  substance  to  be  cut  the  resistance. 
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The  common  balance,  yet  to  be  described,  is  a  lever  of  thb  class, 
as  is  also  the  handle  of  a  pump. 

The  ordinary'  nut-cracker  is  an  example  of  levei*s  of  the 
second  class.  The  fulcrum  is  at  C  (Fig.  49)  ;  the  power  is 
the  hand,  and  the  resistance  is  the  nut  to  be  cracked. 


Fig.  49. 
The  common  crow-bar  is  used  as  a  lever  of  the  first  kind 
when  it  is  pressed  downward  over  the  fulcrum  to  raise  a 
weight  (Fig.  50).  When  one  end  i-ests  on  the  gi'ound  as 
a  fulcrum,  and  the  other  is  lifted  upward  to  raise  the  weight, 
it  becomes  a  lever  of  the  second  kind  (Fig.  51). 


Fig.  60.  Fig.  5L 

The  oars  of  a  boat  are  levers  of  the  second  class.  The  end  of  the 
xyai  in  the  water  b  the  fulcrum,  the  hand  is  the  power,  and  the  boat, 
or  rather  the  resistance  of  the  water  which  it  has  to  overcome,  is  the 
resistance.  The  shears  employed  for  cutting  metals  belong  to  this 
class  of  levers. 

The  limbs  of  animals  are  examples  of  levers  of  the  third 
class.     The  figure  shows 
how  the  human  arm  acts 
as  a  lever. 

The  socket  of  the  bone  a 
is  the  fulcrum;  a  strong 
muscle  b  c,  attached  near  the 
socket,  b  the  power ;  and  the 
weight  of  the  limb  and  what- 
ever resistance  w  may  oppose  ^  Fig.  62. 
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to  motion  is  the  weight.  The  fore-arm  and  hand  are  raised  through 
a  space  of  one  foot  by  the  contraction  of  a  muscle  applied  near  tbe 
elbow,  moving  through  less  than  ^  that  space.  The  muscle,  there- 
fore, exerts  12  times  the  force  with  which  the  hand  moves. 

go.  Weight  between  two  Supports.  —  If  a  weight  is 
attached  to  a  beam  or  pole  which  rests  upon  two  supports, 
the  beam  acts  as  a  lever  of  the  second  class,  and  tbe  part 
carried  by  either  support  ma}'^  be  found  by  considering  it  as 
the  power  and  tbe  otlier  support  as  tbe  fulcnim.  If  tbe 
weight  rests  on  tbe  middle  of  the  beam,  it  is  obvious  that  each 
support  will  bear  half  tbe  burden.  If,  as  shown  in  Fig.  53, 
tbe  load  is  one-third  tlie  length  of  tbe  beam  from  A^  tbe  sup- 
port A  will  bear  two-thirds  of  tbe  weight. 


^ 


Fig.  53. 

91  •  Compound  Levers.  —  When  a  small  force  is  re- 
quired to  sustain  a  considerable  weight,  and  it  is  not  con- 
venient to  use  a  very  long  lever,  a  combination  of  levers,  or 
a  compound  lever,  is  employed.  When  such  a  system  is  in 
equilibiium,  the  power ^  multiplied  hy  the  continued  product  of 
the  alternate  arms  of  the  levers^  commencing  from  the  power ^  is 
equal  to  the  weight  multiplied  by  the  continued  product  of  the 
alternate  armSy  commencing  from  the  weight, 

B,  V    .0 p 


£ 
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Fig.  54. 
For  example,  the  system  represented  in  Fig.   54,  consisting  of 
three  levers  of  the  first  class,  will  be  iu  equiUbrium  when 

PXAFXBF'X  CF"=Y^X  DF    X  CF  XBF. 
If  the  long  anns  are  6,  4,  and  5  feet,  and  each  of  the  short  arms 
I  foi>t,  then  1  pound  at  A  will  sustain  120  pounds  at  B. 
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92.  The  Balance.  —  A  Balance  is  a  machine  for  weign- 
ing  bodies. 

Balances  are  of  continual  use  in  commerce  and  the  arts, 
in  the  laboratory,  and  in  physical  researches ;  they  are  con- 
sequently extremel}'  various  in  their  forms  and  modes  of 


Fig.  66. 
oonstruction.     We  shall  only  describe  one  of  the  forms  which 
is  in  common  use  in  the  shops. 

It  consists  of  a  metallic  bar,  A  B  (Fig.  55) ,  called  the 
Beam^  which  is  simply  a  lever  of  the  fii*st  order.  At  its 
middle  point  is  a  knife-edged  axis  w,  called  the  Fvlerum, 
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The  fulcrum  projects  from  the  sides  of  the  1>eam,  and  rests 
on  two  supports  at  the  top  of  a  firm  and  inflexible  standani. 
The  knife-edged  axis,  and  the  supports  on  which  it  rests,  are 
both  of  hardened  steel,  and  nicely  polished,  in  order  to  make 
the  friction  as  small  as  possible.  At  the  extremities  of  the 
beam  are  suspended  two  plates  or  basins,  called  Scale-Pans^ 
in  one  of  which  is  placed  the  body  to  be  weighed,  and  in 
the  other  the  weights  of  iron  or  brass  to  counterpoise  it. 
Finally,  a  needle  projecting  from  the  beam,  and  playing  in 
front  of  a  graduated  scale  a,  serves  to  show  when  the  beam 
is  exactly  horizontal. 

To  weigh  a  body,  we  place  it  in  one  of  the  scale-pans,  and 
then  put  weights  into  the  other  pan  until  the  beam  becomes 
horizontal.  The  weights  put  in  the  second  pan  indicate  the 
weight  of  the  body. 

93.  Requisites  for  a  good  Balance.  —  A  good  balance 
ought  to  satisfy  the  following  conditions :  — 

1.  The  lever  arms.  An  and  Bn^  should  be  exactly  equal. 

We  have  seen,  in  discussing  the  lever,  that  its  arms  must  be  equal, 
in  order  that  there  may  be  an  equilibrium  between  the  power  and 
resistance  when  these  are  equal.  If  the  arms  are  not  equal,  the 
weights  placed  in  one  scale-pan  will  not  indicate  the  exact  weight 
of  the  body  placed  in  the  other. 

2.  The  balance  should  be  sensitive ;  that  is,  it  should  turn 
on  a  very  small  difference  of  weights  in  the  two  scale-pans. 

This  requires  the  fulcnim  and  its  supports  to  be  very  hard  and 
smooth,  so  as  to  produce  little  friction.  By  making  the  needle  long, 
a  slight  variation  from  the  horizontal  will  be  more  readily  per- 
ceived. 

3.  The  centre  of  gravity  of  the  beam  and  scale-pans  should 
be  slightly  below  the  edge  of  the  fulcrum. 

If  it  were  in  the  edge  of  the  fulcrum,  the  beam  would  not  come 
to  a  horizontal  position  when  the  scales  were  equaUy  loaded,  but 
would  remain  in  any  position  where  it  might  chance  to  be  placed. 
If  it  were  above  the  edge  of  the  fulcrum,  the  beam  would  remain 
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Horizontal  if  placed  so;  but  if  slightly  deflected,  it  would  tend  to 
overturn  by  the  action  of  the  weight  of  the  beam. 

The  nearer  the  centre  of  gravity  comes  to  the  edge  of  the  fulcrum, 
the  more  accurate  it  will  be;  but  at  the  same  time  it  would  turn 
more  slowly,  and  might  finally  come  to  turn  too  slowly  to  be  of  use 
for  weighing. 

It  is  to  be  observed  that  when  the  scale-pans  are  heavily  loaded, 
an  increased  weight  is  thrown  on  the  fulcrum,  which  causes  an  in- 
crease of  friction,  and  consequently  a  diminution  of  sensitiveness. 

94.  Methods  of  testing  a  Balance.  —  To  see  whether 
the  arms  are  of  equal  length,  let  a  body  be  placed  in  one  scale- 
pan,  and  counterbalanced  by  weights  put  in  the  other ;  then 
change  places  with  the  body  and  the  weights.  If  the  beam 
remains  horizontal  after  this  change,  the  arms  are  of  equal 
length ;  otherwise  the  balance  is  false. 

To  test  the  sensitiveness,  load  the  balance  and  bring  the 
beam  to  a  horizontal  position,  then  deflect  it  slightly  b}^  a 
small  force  and  see  whether  it  returns  slowly  to  its  former 
position.  It  ought  to  come  to  a  state  of  rest  hy  a  succession 
of  oscillations. 

95.  To  weigh  correctly  with  a  false  Balance.  —  To 
weigh  a  body  with  a  false  balance,  place  it  in  one  scale-pan 
and  counterbalance  it  b}'  any  heavy  matter,  as  shot  or  sand, 
placed  in  the  other  pan.  Then  take  out  the  body  and  replace 
it  by  weights  which  will  exactly  restore  the  equilibrium  of  the 
balance.  The  weights  will  be  exactl.y  equal  to  the  weight  of 
the  bod3%     The  reason  for  this  method  is  apparent. 

96.  The  Steel- Yard.  —  The  common  steel-yard  used  in 
weighing  is  a  lever  of  the  first  class,  which  differs  from  the 
balance  in  having  unequal  arms.  Fig.  56  represents  a  form 
in  common  use. 

The  pivot  C  is  the  fulcrum ;  the  weight  W  is  suspended  from 
the  hook  J.,  and  the  power  P  is  movable  on  the  long  ann  of  the 
lever,  which  is  graduated  to  indicate  pounds  and  ounces.  It  is  evi- 
dent that  a  pound  weight  at  B  will  balance  as  many  pounds  at 
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W  as  the  distance  A  C  is  contained  times  in  D  C.     The   same 
counterpoise  P  may  be  used  for  a  greater  weight  by  turning  the 

bar  over  and  suspending  it 
from  another  pivot  E  nearer 
the  hook  A,  In  this  case 
a  pound  weight  at  D  will 
balance  as  many  pounds  at 
W  as  the  distance  AE  \& 
contained  times  in  D  E, 

The  scales  used  for  weigh- 
ing coal,  hay,  etc.,  are  gen- 
erally C/Ompound  levers,  and 
their  operation  depends 
upon  principles  already  ex- 
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The  Balance, 
Description. 

Requisites  for  a  good  Balance. 
Methods  of  Testing. 
Weighing  with  a  false  Balance. 
The  Steel- Yard. 
Scales  for  Great  Weights. 

97,  The  Wheel  and  Axle  consists  of  a  wheel,  or  drum, 
A,  mounted  upon  an  axle,  B.  The 
power  is  applied  at  one  extremity  of  a 
cord  wrapped  around  the  wheel,  and 
the  resistance  at  one  extremity  of  a 
second  cord  wrapped  around  the  axle 
in  a  contrary  direction.  The  whole  is 
supported  on  a  suitable  frame,  by  means 
of  pivots  projecting  from  the  ends  of 
the  axle. 

The  wheel  and  axle  acts  as  a  perpetual  lever  of  the  fii-st 
kind,  the  fulcmm  being  at  the  common  centre,  and  the  radii 
of  the  wheel  and  axle  being  respectively  the  arms  of  the 
lever. 

In  Fig.  58,  2^  is  the  fulcrum,  A  F  is  the  power  arm,  and  FB  the 
weight  arm  of  the  lever.     Hence,  according  to  the 
law  of  the  lever,  PxAF=WxFB. 

It  is  evident  that  during  one  revolution  of  the 
wheel  and  axle  the  power  moves  through  a  space 
equal  to  the  circumference  of  the  wheel,  and  the 
weight  through  a  space  equal  to  the  circumference 
of  the  axle.  Hence,  according  to  the  second  general 
law  of  machines,  the  power  multiplied  by  the  cir-  /^^\ 
coinference  of  the  wheel  is  equal  t^)  the  weight  mul-  K^ 
tiplied  by  the  circumference  of  the  axle.  Fig.  68. 

Since  the  radii  of  circles  are  proportional  to  their  circum- 
ferences, th^  law  of  the  wheel  and  tCxle  may  be  stated  in  two 
wa3^8,  viz. :  — 

The  power  muUipUed  by  the  radius  of  the  wheel  equals  the 
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weight  muUiplied  hy  the  radius  of  the  axle  ;  or  the  power  midti- 
plied  hy  the  circumference  of  the  wheel  equals  the  weight  multiplied 
by  the  circumference  of  the  axle, 

98.   The  Windlass.  —  The  Windlass  consists  of  an  axle,  or 

arbor,  A  B,  and  a  crank,  B  CD, 
by  means  of  wliich  it  is  tunied. 
The  crank  consists  of  an  arm,  B  C, 
perpendicular  to  the  axle,  called 
the  crank  arm^  and  a  second  arm, 
D  Cj  perpendicular  to  the  first,  called 
the  crank  handle.  The  power  is 
applied  to  the  crank  handle,  and 
^ig-  fi^'  the  resistance  to  a  rope  wrapped 

around  the  axle.    The  windlass  is  principally  used  in  raising  weights. 

99-  The  Capstan  is  a  form  of  the  windlass  m  which  the 
axis  is  vertical.  It  is  used  chiefly  on 
shipboard  for  raising  the  anchor  or 
drawing  the  vessel  up  to  the  dock. 
The  head  of  the  capstan  is  pierced 
with  holes,  in  each  of  which  a  lever 
may  be  placed  so  that  a  number  of 
men  can  work  at  the  same  time. 


100.  The  Differential 


Fig.  61. 


Fig.  6a 

Windlass. — This  diflers  from 
the  common  windlass  in  having 
an  axle  formed  by  two  drums,  A 
and  B^  of  diflerent  diameters.  A 
cord  is  attached  to  the  larger  cylin- 
der, and  wrapped  several  times 
around  it,  after  which  it  passes 
under  a  movable  puUe}',  (7,  and  is 
then  wrapped  in  a  contrary  direc- 
tion around  the  smaller  cylinder. 
The  power  is  applied  to  the  crank 
arm,  and  the  resistance  to  the 
block  of  the  movable  pulley. 
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When  the  handle  is  turned  so  as  to  wind  np  the  rope  on  the  cylin- 
der By  it  is  at  the  same  time  unwound  from  the  cylinder  Ay  and  at  each 
revolution  the  rope  is  shortened  only  by  the  difference  in  the  circum- 
ferences of  the  cylinders.  If  these  are  nearly  equal,  the  weight  moves 
very  slowly  and  great  power  is  gained. 

lox.  Trains  of  Wheels.  — The  power  furnished  by  the 
motor  of  a  complex  machine  is  usually  transmitted  through 
a  succession  of  pieces  to  the  working  jxjint.  These  connect- 
ing pieces  are,  in  general,  wheels  and  axles,  and,  taken  to- 
gether, they  form  what  is  called  a  train.  A  wheel  which 
imparts  motion  to  a  succeeding  one  is  called  the  driver  ;  that 
to  which  motion  is  imparted  is  called  the  follower. 

I02.  Mode  of  Connection.  —  There  are  various  methods 
b^'  means  of  which  one  wheel  may  be  made  to  act  upon 
another.  __  ^ 

First.  By  simple  contact.  The  driver, 
-4,  being  slightly  pressed  against  the  fol- 
lower, -B,  the  friction  between  the  wheels 
is  sufficient  to  impart  a  motion  of  rota- 
tion from  the  former  to  the  latter. 

To  increase  the  friction  and  avoid  sliding,  the  surfaces  are  fre- 
quently covered  with  soft  leather.  In  all  cases  the  motion  of  the 
follower  is  in  a  contrary  sense  to  that  of  the  driver,  as  indicated  by 
the  arrows. 

Secondly.  By  means  of  bands  or  belts.  The  band  is  passed 
around  the  circumferences  of  both  wheels,  and  when  tight- 
ened, a  sufficient  amount  of  friction  is  produced  to  impart 
motion  from  the  driver  to  the  follower. 


y^'*»V^ 


Fig.  62. 


'/  {J>^, 


Fig.  6a  Fig  64. 

When  the  band  does  not  cross  between  the  wheels,  they  both  re- 
volve in  the  same  direction,  as  indicated  in  Fig.  63.     When  the 
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band  crosses  between  the  wheels,  they  revolve  in  (qqposite  direetions, 
as  indicated  in  Fig.  64.  Belts  are  made  of  leather,  gutta-percha, 
and  the  like.  They  are  flat  and  thin,  and  the  drums  on  which  they 
run  should  be  slightly  elevated  toward  the  middle  of  their  thickness. 
Cords  are  made  of  catgut,  hempen  fibres,  or  wire,  nearly  cylindrical. 
The  drums,  or  pulleys,  on  which  they  run,  should  be  elevated  at  the 
edges.  Chains  are  also  used,  and  in  this  case  the  drums  should  be 
grooved,  and  either  notched  or  toothed,  so  as  to  fit  the  links  of  the 
chain. 

Thirdly.  By  means  of  projections  on  the  circumferences  of 
the  wheels  called  teeth, 

A  small  wheel,  (7,  mounted  on  the  axle  of  a  large  one,  B,  is  called 
a  pinion,  and  its  projections  are  called 
leaves.  In  the  figure,  the  teeth  of  the 
wheel  A  engage  with  the  leaves  of  the 
pinion  O,  and  the  teeth  of  the  wheel  B 
engage  with  the  leaves  of  the  pinion  D. 
If  the  wheel  A  is  turned  in  the  direction 
indicated  by  the  arrow,  the  wheel  B  will 
revolve  in  a  contrary  direction,  and  the 
wheel  F  in  the  same  direction.  A  wheel 
whose  teeth  project  fi'om  its  circumfer- 
ence, as  shown  in  Fig.  65,  is  called  a 
spur-wheel. 

103.  Law  of  Wheel-work.  —  Whatever  may  be  the 
mode  of  connection  in  a  train  of  wheels,  the  law  of  their 
action  is  the  same  as  that  of  the  compound  lever.  Hence, 
the  continvbed  product  of  the  power  and  the  radii  of  the  wheels  is 
equal  to  the  continued  product  of  the  weight  and  the  radii  of  the 
axles.  For  example,  in  the  train  shown  in  Fig.  65,  let  the 
radii  of  the  wheels  A^  B^  and  F^  be  represented  by  the  num- 
bers 12,  12,  and  8  ;  and  the  radii  of  each  of  the  three  pinions, 
by  the  number  2 ;  then,  the  power  will  be  to  the  weight  as 
2  X  2  X  2  to  12  X  12  X  8,  i.  e.  as  8  to  1152,  or  as  1  to  144. 
Suppose  a  power  of  20  pounds  to  be  applied  to  the  first  wheel : 
20  X  1152  =  Weight  X  8,  hence,  Weight  =  20  X  1152  -4-  8  = 
2880. 


Fig.  66. 
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In  common  clocks  and  watches  we  have  familiar  examples 
of  wheel-work  in  which  the  velocity  is  increased  at  the  ex- 
pense of  the  power.  Thus,  in  a  watch,  the  force  of  the  main- 
spring is  applied  to  a  wheel  thai;  revolves  once  in  four  hours. 
This  force  is  transmitted  through  the  wheel-work  with  dimin- 
ished intensity  and  increased  velocit}',  to  give  the  second-hand 
a  revolution  once  a  minute. 

104.  The  Pulley.  —  A  Pulley  is  a  wheel  free  to  turn 
about  on  its  axis  and  having  a  groove  around  it  to  receive  a 
cord.     The  axis  turns  in  a  frame  called  a  Uock, 

A  pulley  is  said  to  be  fixed  or  movable,  according 
as  its  block  is  fixed  or  movable. 

105.  Single  Fixed  Pulley.  — In  this  pulley 
the  block,  0,  is  fixed,  and  the  wheel,  A  B^  turns 
within  it.  The  effect  of  the  fixed  pulley  is  sim- 
ply to  change  the  direction  of  a  force. 


E 


c 


■ 

B 

Fig.  66. 


^ 


106.  Single  Movable  Pulley.  —  In  this  pulley  the  block, 
O,  is  movable,  and  the  wheel  turns  within  it.  0 

Pulleys  are  combinations  of  the  cord  and  lever. 
In  the  fixed  pulley  we  may  regard  ^  5  as  a  lever, 
whose  lever  arms  are  0  A  and  0  JB,  and  whose  fulcrum 
is  0.  In  the  movable  pulley  we  may  regard  ^  JB  as  a 
lever  of  the  second  class,  whose  ful- 
cniin  \^  A ,  and  whose  lever  arms  are 
A  B  and  A  0. 

Aliliipugh  no  power  is  gained  by 
tlie  utit*  of  fixed  pulleys,  there  is  often 
great  iid  vantage  derived  from   their 

use.  Thus,  a  man  standing  on  the 
ground  may,  by  using  a  fixed  pulley, 
raise  heavy  articles  to  the  loft  of  a 
warehouse.  It  is  easier  to  pull  the 
rope  downward  than  to  lift  the  weight 
upward ;  but  this  is  not  the  only 
Fig.  68.  advantage  gained,  for  if,  instead  of 

using  the  pulley,  he  should  carry  the  articles  up  a  flight  of  stairs,  ho 


B 
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Fig.  67. 
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would  incur  the  additional  labor  of  lifting  his  own  weight  through 
the  whole  space.  Two  fixed  pulleys  may  also  be  used  to  change 
horizontal  motion  to  vertical,  as  shown  in  Fig.  68. 

107.  Combinations  of  Pulleys.  —  Movable  pulleys  are 
generally  used  in  combination  with  fixed  pulleys.  Fig.  69 
shows  a  combination  of  one  fixed  with  one 
movable  pulley.  It  is  CAddent  that  the 
weight,  fT,  is  supported  equally  by  the  two 
parts  a  and  h  of  the  cord  which  passes 
around  the  movable  pulley,  A.  Half  the 
weight  therefore  is  supported  by  the  hook, 
H^  and  the  other  half  by  the  cord  &,  which 
passes  over  the  fixed  puUej',  B ;  and  since 
no  power  is  gained  by  the  fixed  pulley,  the 
power,  P,  must  be  equal  to  half  the  weight, 
W^  in  order  to  maintain  equilibrium.  If  it 
be  required  to  raise  the  weight, 
additional  force  must  be  ap- 
Fig.  69.  plied  at  P,  to  overcome  friction. 

In  the  combinations  of  pulleys  in  most  com- 
mon use,  several  fixed  pulleys  are  contained  in 
one  block,  and  an  equal  number  of  movable  pul- 
leys in  another  block.  Fig.  70  shows  such  a 
combination  of  two  fixed  pulleys  in  the  upper 
block,  and  two  movable  ones  in  the  lower  block. 
In  this  case,  one  continuous  cord  passes  through 
the  system,  and  the  tension  of  the  we^ht  is 
equally  distributed  among  the  four  paits  of  the 
cord  which  sustain  the  lower  block.  The  power 
applied  at  P  is  required  to  balance  the  weiglit 
suppoi-ted  by  only  one  of  the  parts  at  a ;  hence 
the  system  will  be  in  equilibrium  wiien  the  power 
is  equal  to  one  fourth  of  the  weight. 

The  following  is  the  law  of  such  combinations  : 
equals  the  power  multiplied  by  the  number  of  parts  of  the  cord 
that  support  the  movable  block. 


Digitized 


by  Google 


THE  INCLINED  PLANE.  79 

Pulleys  are  often  used  in  combination  with  other  mechanical 
powers.  Cranes  and  derricks  are  combinations  of  wheel- work  with 
pulleys,  and  are  used  in  raising  great  weights,  as  stone  in  quarries, 
coal  from  vessels  at  the  wharves,  and  for  similar  purposes. 

Summary.  — 

Wheel  and  Axle. 

Explained  as  a  Lever. 

The  Windlass. 

The  Capstan. 

The  Differential  Windlass. 
Trains  of  Wheels. 

Modes  of  Connection. 

1.  By  Simple  Contact. 

2.  By  Means  of  Bands. 
a  By  Teeth. 

Law  of  Wheel- work. 
Examples. 
ThePuUey. 

aiDglo  Fixed  Pulley. 

Single  Movable  Pulley. 

Advantage  of  Fixed  Pulleys. 
Combinations  of  Pulleys. 
Illustrations. 

Law  of  Combined  Pulleys. 

Common  Applications  of  Pulleys. 

io8.  The  Inclined  Plane.  —  The  inclined  plane  is  a 
hard  plane  sorface  which  is  inclined  to  a  horizontal  plane. 

When  a  body  rests  on  a  horizontal  plane,  as  for  example 
on  a  table,  the  action  of  gravity  tending  to  draw  it  down  is 
completelj'  counteracted  by  the  resistance  of  the  plane,  and 
it  remains  at  rest.  It  is  not  so,  however,  when  a  body  is 
placed  upon  an  inclined  plane.  In  this  case  the  action  of 
gravity  may  be  resolved  into  two  components ;  one  perpen- 
dicular to  the  plane,  and  the  other  parallel  to  it.  The  action 
of  the  first  component  is  count-eracted  by  the  resistance  of  the 
plane,  whilst  the  second  component  causes  the  body  to  move 
down  the  plane. 
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It  is  evident  that  the  nearer  the  plane  approaches  to  a 
horizontal  surface,  the  greater  will  be  the  portion  of  the 
weight  supported  by  the  surface.  Let  the  plane  be  elevated 
toward  the  perpendicular,  and  it  will  support  less  and  less  of 
the  weight,  till,  when  it  reaches  the  perpendicular,  no  part  of 
the  weight  will  be  supported. 

Whatever  may  be  the  inclination  of  the  plane,  the  action 
of  gravity  upon  a  body  placed  upon  it  is  resolved  into  two 
components  which  have  the  same  ratio  to  each  other  that  the 
perpendicular  height  of  the  plane  has  to  the  horizontal  base. 


Fig  71. 


Of  these  two  components,  that  one  only  which  depends 
upon  the  perpendicular  height  must  be  supported  hy  the 
power  applied  to  maintain  the  body  in  its  position. 

Hence,  the  power  is  to  the  weight  as  the  perpendicular  height 
of  the  plane  is  to  its  length. 

Fig.  71  represents  a  movable  inclined  plane  which  may  be  ad- 
justed so  as  to  form  different  angles  with  the  horizontal  base.  If  it 
be  arranged  so  that  the  plane,  R  S,  is  twice  as  long  as  the  height,  8  T, 
one  pound  at  P  will  balance  two  pounds  on  the  plane  between  R 
and  S.  If  the  height,  S  T,  were  only  one  fourth  of  R  Sf  one  pound 
at  P  would  balance  four  on  R  S. 

Common   roads  and   railroads  are  largely  made  up  of  inclined 
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planes,  and  their  inclination  is  estimated  by  the  height  which  corre- 
sponds to  some  stated  length.  Thus,  a  road  is  said  to  rise  one  foot 
in  thirty,  or  one  foot  in  fifty.  In  the  case  of  railroads  the  inclination 
is  called  the  grade,  and  is  estimated  by  the  number  of  feet  in  vertical 
height  corresponding  to  a  mile  in  length.  Thus,  we  speak  of  a 
grade  of  fifty  feet,  or  eighty  feet  to  the  mile. 

When  a  carriage  is  drawn  by  horses  on  a  level  road,  the  power  is 
expended  in  overcoming  friction.  On  a  road  which  rises  one  foot 
in  twenty,  the  horses  must  lift  one  twentieth  of  the  load,  besides  over- 
coming the  friction,  which  varies  from  one  fifteenth  to  one  fiftieth  of 
the  load.  On  railroads  the  grade  is  seldom  made  higher  than  eighty 
feet  to  the  mile,  a  rise  of  one  foot  in  sixty-six. 

log.  The  Wedge.  —  The  Wedge  is  a  solid,  bounded  by 
a  rectangle,  B  Z),  called  the  back ;  two  rectangles,  A  F  and 
DF^  called  faces ^  and  two 
triangles,  ADE  and  BCF, 
called  ends.  The  line  E  F^ 
in  which  the  faces  meet,  is 
called  the  edge. 

The  form  generally  used 
is  the  double  wedge,  repre- 
sented in  Fig.  73.  The  re- 
sistance in  this  case  acting 
at  right  angles  to  the  opposite  faces  of  the  wedge,  the  power 
is  tb  the  resistance  as  half  the  thickness  of  the  wedge  is  to 
its  length. 

No  accurate  estimate  can  be  made  of  the  force  exerted  by  a  wedge 
as  ordinarily  used,  for  the  following  reasons :  — 

J .  The  power  is  by  exerted  blows,  the  force  of  which  cannot  be 
exactly  measured. 

2.  The  surfaces  separated  often  act  as  levers,  and  greatly  assist 
the  action  of  the  wedge. 

3.  The  friction  is  much  greater  than  with  the  other  mechanical 
powers,  and  cannot  be  accurately  estimated. 

If  it  were  not  for  the  fi-i'jtion  the  wedge  would  recoil  after  every 
blow,  and  no  practical  use  could  be  made  of  it. 

Wedges  are  used  where  au  intense  force  is  to  be  exerted  through  r 


Fig.  72. 
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Fig.  74. 


very  small  space,  and  especially  for  splitting  masses  of  wood  or  stone, 
for  blocking  up  buildings,  and  for  raising  vessels  in  docks. 

The  edges  of  knives,  scissors,  chisels,  axes,  and  all  cutting  instru- 
ments are  wedges. 

1 10.  The  Scre^v.  —  The  Screw  is  essentially  a  combi- 
nation of  inclined  planes.  It  consists  of  a  solid  cylinder, 
enveloped  b}'  a  spiral  projection  called  the  thread. 
The  two  faces  of  the  thread  are  nothing  more  than 
inclined  planes  wound  around  the  cylinder  of  the 
screw. 

The  screw  works  into  a  solid,  fitted  to  receive 
it,  called  the  nvi.  The  nut  may  be  fixed,  the 
screw  turning  within  it,  or  the  screw  ma}'  be  fixed, 
the  nut  turning  upon  it.  Motion  is  imparted  to  the  one  or 
the  other,  as  the  case  may  be,  by  means  of  a  lever,  at  the 
extremity  of  which  the  power  is  applied.  By  increasing  the 
length  of  the  lever,  and  diminishing  the  distance  between 
the  threads,  the  force  exerted  at  the  point  of  resistance  may 
be  almost  indefinitely  increased. 

Fig.  75  shows  the  use  of  the 
combined  lever  and  screw  in  pro- 
ducing great  pressure.  A  is  the 
screw,  B  the  nut,  and  E  the  block 
on  which  the  substance  to  be 
pressed  is  placed.  The  power  is 
applied  at  the  end. of  the  lever, 
N,  According  to  the  general 
law  of  machines,  the  force  ex- 
erted at  D  will  be  as  many  times 
greater  than  the  power  applied  at 
N  as  the  circumference  through 
which  N  moves  is  greater  than 
the  distance  between  the  threads 
of  the  screw. 

Suppose  the  distance  between 
^^*  the  threads  to  be  one  inch,  and 

that  the  end  of  the  lever,  iV,  describes  a  circle  of  ten  feet  in  circuni- 
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ference  in  once  turning  round,  then  the  ratio  of  the  power  to  the 
weight  will  be  as  one  inch  to  ten  feet,  or  as  1  to  120. 

Now  if  a  man  exerts  a  force  of  one  hundred  pounds  at  the  end  of 
the  lever,  the  screw  will  advance  with  a  force  of  12,000  pounds.  If 
the  distance  between  the  threads  were  only  half  an  inch  the  force 
would  be  doubled.  Hence  it  is  evident,  that,  with  a  moderate  power, 
the  screw  may  be  made  to  exert  an  enormous  mechanical  force.  It 
must  not  be  forgotten,  however,  that  the  work  done  upon  the  body 
to  be  compressed  can  never  exceed  that  done  at  the  point  of  applica- 
tion of  the  power ;  on  the  contrary,  it  is  always  less.  In  this  case 
there  is  a  loss,  by  friction,  of  nearly  one  fourth  of  the  whole  effect. 

111.  Law  of  the  Screw.  —  Not  taking  into  account 
the  effects  of  friction,  the  law  of  the  screw  may  be  stated  as 
follows :  — 

The  power  is  to  the  weight  as  the  distance  between  two  adjoin- 
ing  turns  of  the  thread  is  to  the  circumference  described  by  the 
power. 

112.  The  Endless  Screw  is  a  screw  secured  hy  shoul- 
ders, so  that  it  cannot  move  in  the  ^ 
direction  of  its  length,  and  working 
into  a  toothed  wheel.  When  the 
screw  is  turned,  it  imparts  motion  to 
the  wheel,  which,  in  turn,  maj^  be 
made  to  move  a  train  of  wheel- work. 


Machines  of  this  kind  are  used  in  regis- 
tering the  number  of  turns  of  an  axle,  as, 
for  example,  the  shaft  of  a  steamboat.  An 
endless  screw  is  arranged  so  as  to  turn  as 
many  times  as  the  shaft,  and  is  connected 
with  a  train  of  light   wheel-work.     The  ^^^-  ^^• 

wheels  bear  indices,  by  means  of  which  the  number  of  turns  in  any 
given  time  may  be  read  off.  This  arrangement  is  extensively  used 
in  gas  and  water  meters,  and  also  in  vaiious  branches  of  manu- 
facture. 
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SECTION   III. RB8ISTAN0ES  TO   MOTION. 

113.  Friction  is  the  resistance  which  one  body  experi- 
ences in  moving  upon  another  when  the  two  bodies  are 
pressed  together.  This  resistance  arises  from  inequalities 
in  the  surfaces,  the  projections  of  the  one  sinking  into  the 
depressions  of  the  other.  To  overcome  the  resistance  thus 
produced,  a  force  must  be  applied  sufficient  to  break  off,  or 
bend  down,  the  projecting  points,  or  else  to  lift  the  moving 
body  over  the  inequalities. 

Friction  is  distinguished  as  sliding  and  roUi/ng.  The  former  arises 
when  one  body  is  drawn  upon  another ;  the  latter,  when  one  body 
is  rolled  upon  another.  Everything  else  being  equal,  the  former  is 
greater  than  the  latter. 

114-  Measurement  of  Friction.  —  The  comparative 
amount  of  sliding  friction  for  man}'  different  surfaces  has 

been  determined  by  the  ap- 
paratus shown  in  Fig.  77. 
Blocks  of  different  ma- 
terials and  of  different  size 
and  shape,  sometimes  load- 
ed with  weights,  were  made 
to  move  over  surfaces  of 
different  kinds,  by  means 
of  weights  placed  in  the 
pan,  P,  By  these  experiments  the  following  facts  have  been 
ascertained :  — 

1.  Friction  is  nearly  proportional  to  pressure, 

2.  Friction  is  not  affected  hy  extent  of  surface^  except  within 
extreme  limits. 

The  same  force  is  required  to  draw  a  brick  across  a  board,  whether 
it  rests  on  its  broad  fa<?e  or  on  its  edge. 

3.  Friction  is  greater  between  soft  bodies  than  hard  ones, 

4.  Friction  is  greater  between  surfaces  of  the  same  materials 
than  between  those  of  different  hinds. 


Fig.  77. 
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i 
The  friction  of  iron  upon  iron  is  greater  than  that  of  iron  upon 

copper  or  brass. 

For  this  reason  the  axles  of  railway  cars  being  made  of  steel,  the 
boxes  in  which  they  revolve  are  made  of  brass  or  some  other  metal. 

For  the  same  reason,  the  axles  in  the  wheel- work  of  the  best 
watches  are  made  to  revolve  in  holes  bored  in  the  harder  precious 
Btones.     Such  watches  are  said  to  be  *  ^jewelled." 

5.  Friction  is  diminished  by  polishing  or  lubricating  the  sur- 
faces. 

Polishing  removes  projecting  points  that  would  catch  against  each 
other  and  increase  friction.  The  application  of  lubricants  like  oils, 
tallow,  black-lead,  etc.,  diminishes  friction  by  filling  up  minute  cavi- 
ties and  smoothing  the  surfaces. 

6.  Friction  is  greatest  at  the  beginning  of  motion. 

When  surfaces  remain  long  in  contact,  especially  under  pressure, 
the  projections  of  one  sink  deeper  into  the  depressions  of  the  other, 
and  render  it  more  difficult  to  separate  them. 

X15.  Advantages  of  Friction. —  Although  friction  occa- 
sions a  loss  of  power  in  the  working  of  machines,  it  has  some 
advantages. 

Common  nails  and  screws  would  be  useless  were  it  not  that  friction 
holds  them  in  place.  A  wedge  could  not  be  driven  if  friction  did  not 
hold  it  and  prevent  it  from  rebounding  after  a  blow.  A  locomotive 
depends  upon  friction  for  its  power  to  draw  a  heavy  train  of  cars. 

Sometimes  when  great  loads  are  to  be  ijrioved  the  friction  of  the 
driving  wheels  upon  the  rails  is  not  sufficient  to  prevent  slipping, 
and  therefore  boxes  are  provided  from  which  sand  may  be  sifted 
upon  the  rails  when  required,  thus  increasing  the  friction  and  ena- 
bling the  engine  to  draw  its  load. 

116.  Stiffness  of  Cords.  — When  a  cord  is  wound  upon 
a  wheel  or  axle,  a  certain  amount  of  force  is  required  to  bend 
it.  The  resistance  which  the  cord  thus  offers  to  bending  is 
classed  as  a  hurtful  resistance.  This  resistance  should  be 
obviated,  as  far  as  possible,  by  selecting  bands  and  cords 
which  are  as  flexible  as  is  consistent  with  due  strength. 
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117.  Atmospheric  Resistance.  —  The  atmosphere  ex- 
erts a  powerful  resistance  to  the  motion  of  bodies  moving 
through  it.  It  has  been  found,  both  by  theorj^  and  experi- 
ment, that  this  resistance  is  proportional  to  the  greatest  cross 
section  of  the  body,  made  by  a  plane  perpendicular  to  the 
direction  of  the  motion,  and  also  to  the  square  of  the  body's 
velocity.  To  obviate  this  resistance  as  far  as  possible,  the 
pieces  which  have  a  rapid  motion  should  have  as  small  a 
cffoss  section  as  is  consistent  with  due  strength. 

Summary. 
The  Inclined  Plane, 

Resolution  of  the  Force  of  Gravity  in  a  body  resting  on  an 

Inclined  Plane. 
Law  of  the  Inclined  Plane. 
Illustration  by  Movable  Inclined  Plane. 
Common  Roads  and  Railroads. 
The  Wedge.    Reasons  why  the  Force  exerted  by  the  Wedge 
cannot  be  accurately  estimated. 
Practical  Applications  of  the  Wedge. 
The  Screw. 

Combined  Lever  and  Screw. 
Law  of  the  Screw. 
The  Endless  Screw. 
Resistances  to  Motion. 
Friction.     Sliding  and  Rolling  Friction. 
Measurement  of  Friction. 
Six  Facts  relating  to  Friction. 
Advantages  of  Friction. 
Stiffness  of  Cords. 
Atmospheric  Resistance. 
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CHAPTER   IV. 

THE    MECHANICS   OF    LIQUIDS. 

Part  I. -HYDROSTATICS. 
SECTION     1.  GENERAL    PRINCIPLES. 

ii8.  Hydrostatics  and  Hydrodynamics.  —  The 
Mechanics  of  Liquids  is  divided  into  two  branches : 
Hydrostatics,  which  treats  of  the  laws  of  equilibrium 
of  liquids,  and  Hydrodynamics,  which  treat-s  of  the 
laws  of  motion  of  liquids. 

119.  Properties  of  Liquids.  —  The  following  properties 
are  common  to  all  liquids : 

1.  The  molecules  of  liquids  are  extremel}^  movable,  yield- 
ing to  the  slightest  force. 

There  is  very  litde  cohesion  between  the  molecules  of  liquids, 
whence  their  readiness  to  sUde  among  one  another.  It  is  to  this 
principle  that  they  owe  their  fluidity. 

2.  Liquids  are  onl}'  slightly  compressible. 

Liquids  are  so  slightly  compressible,  that  for  a  long  time  they  were 
regarded  as  absolutely  incompressible.  In  1823,  Oersted  demon- 
strated, by  an  apparatus  which  he  contrived,  that  liquids  are  slightly 
compressible.  He  showed  that  for  a  pressure  of  one  atmosphere,  that 
is,  of  15  pounds  on  each  square  inch  of  surface,  water  is  compressed 
the  nniWnjTr^h  of  its  original  volume.  Slight  as  is  the  compressibility 
of  water,  it  is  nevertheless  ten  times  as  compressible  as  mercury. 

3.  Liquids  are  porous,  elastic,  and  impenetrable,  like  other 
bodies. 
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That  liquids  are  porous,  has  already  been  shown.  That  they  are 
elastic,  is  shown  by  their  recovering  their  volume  after  the  compress- 
ing force  is  removed.  It  is  also  shown  by  the  fact  that  they  transmit 
sound.  Their  impenetrability  is  shown  by  plunging  a  solid  body  into 
a  vessel  filled  with  liquid.  If  there  is  no  imbibition,  a  volume  of  water 
will  flow  over  the  vessel  just  equal  to  that  of  the  solid  introduced. 

Upon  these  three  properties  of  liquids  depends  their  prop- 
ert}^  of  transmitting  pressures  in  all  directions. 

I20.  Transmission  of  Pressures.  —  Principle  of 
Pascal.  —  Let  a  bottle  be  filled  with  water  and  corked,  as 
represented  in  Fig.  78.  If  the  cork  be  pressed 
inwards,  the  pressure  will  be  transmitted  to  the 
molecules  in  contact  with  it;  these  molecules 
will  in  their  turn  press  uix>n  the  neighboring 
ones,  and  so  on  until  the  piessure  is  finally 
transmitted  to  every  point  of  the  interior  sur- 
face of  the  bottle. 

It  is  shown  by  experiment  that  the  pressure  thus 
transmitted  is  equal  to  that  applied  to  the  cork  ;  that 
is,  the  pressure  up<m  each  square  inch  of  the  interior 
surface  of  a  vessel  is  equal  to  that  upon  a  square  inch 
of  the  cork.  The  pressure  is  everywhere  perpendicu- 
lar to  the  surface,  as  shown  by  the  arrow-heads. 
This  principle  is  called  the  Principle  of  Pascal, 
because  it  was  first  demonstrated  by  Blaise  Pascal  in  the  seven- 
teenth century.    Upon  it  depends  the  whole  theory  of  Hydrostatics. 

The  same  principle 
may  be  shown  by  an- 
other experhnent.  A 
cylinder  (Fig.  79)  pro- 
vided with  a  piston  is 
fitted  int«  a  hollow 
sphere.  Perpendicular 
to  the  sides  of  the  globe 
^^^'  '^'  are  small  tubular  open- 

ings. Fill  the  cylinder  and  globe  with  water,  and  press  the  piston 
against  the  water,  and  it  will  come  from  all  the  orifices  equally,  and 
not  merely  from  tli^t  which  is  opposite  the  piston. 


Fig.  78. 
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121.  Pressure  due  to  the  Weight  of  Liquids.  —  If 
a  cj'lindrical  vessel  is  filled  with  a  heavy  liquid,  its  weight 
produces  a  pressure  upon  the  walls  of  the  vessel.  If  we  sup- 
pose the  liquid  divided  into  horizontal  layers  of  equal  thick- 
ness, it  is  plain  that  the  second  layer  from  the  top  supports 
a  pressure  equal  to  the  weight  of  the  first,  the  third  layer 
supports  a  pressure  equal  to  the  weight  of  the  second  and 
first,  and  so  on  to  the  bottom.  Hence,  the  pressure  upon  any 
layer  is  proportional  to  its  depth  below  the  upper  surface,  and  is 
equal  to  the  weight  of  the  column  of  fiuid  above  it. 


Fig.  80. 

In  consequence  of  the  Principle  of  Pascal,  this  pressure  is 
transmitted  laterally',  and  acts  against  the  sides  of  the  vessel 
with  an  equal  intensity.  Hence,  every  part  of  the  surface  is 
pressed  with  a  force  equal  to  the  weight  of  a  column  of  liquid 
whose  base  is  the  surface  pressed^  and  whose  height  is  equal  to  the 
distance  from  that  surface  to  the  upper  level  of  the  fluid, 

122.  The  Pressure  on  the  Bottom  of  a  Vessel, 
arising  from  the  weight  of  a  liquid,  is  entirely  independent 
of  the  shape  of  the  vessel,  as  well  as  of  the  quantity  of  liquid 
which  it  contains.     It  depends  only  on  the  size  of  the  sur- 
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face  pressed,  and  its  distance  below  the  upper  surface  of  the 
liquid. 

This  principle  may  be  demonstrated  by  means  of  an  apparatus 
shown  in  Fig.  80.  The  apparatus  consists  of  a  tube,  o,  firmly  at- 
tached to  the  cover  of  a  glass  vessel,  P.  By  means  of  a  screw  joint, 
different-shaped  vessels,  A,  B,  C,  may  be  attached  to  the  upper  end 
of  the  tube.  A  disl^  t,  of  ground  glass  is  held  in  contact  with  the 
lower  end  of  the  tube  by  a  string,  which  is  secured  at  its  upper  ex- 
tremity to  an  arm  of  a  balance. 

The  vessel  A  is  screwed  on,  and  filled  with  water  until  the  down- 
ward pressure  exactly  counterpoises  a  given  weight  in  the  scale-pan, 
M,  when  the  .upper  surface  of  the  water  is  marked  by  a  sliding 
bead,  n.  The  other  vessels,  B  alid  C,  are  successively  screwed  on, 
and  filled  with  water  up  to  the  level,  n ;  if  any  more  water  is  poured 
into  either,  the  downward  pressure  overcomes  the  weight,  3f,  and 
the  water  escapes  into  the  vessel,  P. 

This  principle  of  pressure  (»n  the  bottom  of  vessels  is  sometimes 
called  the  Hydrostatic  Paradox.  It  is  so  called,  because  the  same 
pressure  may  be  obtained  by  using  very  different  quantities  of  the 
same  liquid. 

123.  Hydrostatic  Bello'ws. — A  good  illustration  of 
tlie  principle  that  the  pressure  exerted  by  a  column  of  water 

depends  upon  its  height  and  not  its  amount  is 
seen  in  a  form  of  apparatus  called  the  hydro- 
static bellows.  It  consists  (Fig.  81)  of  two 
boards  connected  bj'  leather,  in  which  a  tube, 
A^  is  inserted. 

When  water  is  poured  into  the  tube  a  pressure  is 
exerted  upon  the  upper  board  C,  which  will  lift  a 
weight  as  many  times  greater  than  the  weight  of 
the  water  in  the  tube,  as  the  area  of  the  board  is 
greater  than  the  area  of  a  cross-section  of  the  tube. 

By  placing  another  tube  upon  Ay  we  can  increase 
I'jg-  yi-        the  pressure  and  lifting  power. 

124.  Lateral  Pressures.  —  Reaction  Wheel.  —  The 
fact  that  liquids  exert  lateral  pressures  upon  the  walls  of 
vessels  is  demonstrated  by  means  of  the  reaction  wheel 


A 
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This  wheel  is  shown  in  Fig.  82 ;  it  consists  of  a  vertical 
cylindrical  tube,  C,  turning  freely  in  a  ring,  n,  near  its  upper 
extremity,  and  resting  upon  a  pivot  at  its  lower  extremity. 
Just  above  the  pivot  the  tube  terminates  in  a  cubical  box, 
from  the  faces  of  which 
project  four  tubes,  having 
their  ends  curved,  as  rep- 
resented in  the  figure. 
Water  is  supplied  from  a 
cistern  through  the  fun- 
nel, D.  When  the  water 
is  admitted,  it  flows  down 
the  tube,  C,  and  escaping 
through  the  curved  tubes 
at  the  bottom,  the  wheel 
is  turned  in  the  direction 
indicated  by  the  arrow- 
head. 

The  reason  of  this  will  be 
plain  from  a  consideration  of 
the  small  figure,  a  6,  which 
is  a  plan  of  two  of  the  tubes. 
The  weight  of  the  water 
causes  a  pressure  upon  -4, 
which,  were  a  closed,  would 
be  exactly  counterbalanced  by 
the  pressure  upon  it;  but  a 
being  open,  the  pressure  upon 
A  is  not  counterbalanced,  but  ^^' 

acts  from  a  towards  A,  producing  rotary  motion.     The  pressures  in 
all  of  the  tubes  conspire  to  produce  rotation  in  the  same  direction. 

125.  Pressure  Upwards. — That  liquids  exert  a  pres- 
sure upwards  is  demonstrated  by  means  of  the  apparatus 
shown  in  Fig.  83. 

It  consists  of  a  tube  of  glass,  v^nth  a  movable  disk,  a,  ground  so  as 
to  fit  the  bottom  of  the  tube.     The  disk  being  held  closely  against 
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Fig.  83. 


the  tube  by  a  string,  6,  the  whole  is  plunged  into  a  vessel  of  water. 
In  this  state  the  disk,  though  heavier  than  the  water,  d<»es  not  fall 

to  the  bottom,  showing  that  it  is 
held  in  place  by  an  upward  pres- 
sure. If  water  now  be  poured  into 
the  tube  in  a  gentle  stream,  the 
disk  will  adhere  till  the  latter  is 
filled  to  the  level  of  the  fluid  on 
the  outside.  This  shows  that  the 
upward  pressure  is  equal  to  the 
weight  of  a  cxdumn  of  water  whose 
base  is  that  of  the  tube,  and  whose 
altitude  is  its  distance  below  the 
upper  surface  of  the  fluid. 

The  upward  pressure  of  fluids  is 
called  their  Buoyant  Effort.  It  is 
in  consequence  of  their  buoyant  eff'ort 
that  fluids  sustain  lighter  bodies  on 
their  surfaces.  The  same  principle  causes  fluids  to  buoy  up  bodies 
of  all  kinds,  diminishing  the  weight  of  heavy  ones,  and  causing  light 
ones  to  float 

126.  Pascal's  Experiment. — 

The  following  experiment  was  made 
by  Pascal,  in  1647.  He  fitted  into 
the  upper  head  of  a  strong  cask  a  tul>e 
of  small  diameter  and  about  thirty- 
four  feet  in  length,  as  shown  in  Fig. 
84.  The  cask  being  filled  with  water, 
he  succeeded  in  bursting  it  by  pouring 
a  comparatively  small  quantity  of  water 
into  the  tube.  In  this  case  the  pres- 
sure exerted  laterally  was  the  same  as 
thougli  the  tube  had  been  throughout 
of  the  same  diameter  as  the  cask,  or 
even  greater. 
Fig.  84. 

127.    Hydraulic  Press.  —  The  principle  of  equal  pres- 
sures has  been  applied  in  the  construction  of  a  press,  by 
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means  of  which  a  single  man  may  exert  an  enoimous  power. 
This  press  is  shown  in  perspective  in  Fig.  85,  and  in  section 
in  Fig.  86,  the  letters  in  both  figures  corresponding  to  the 
same  parts. 

The  press  consists  of  two  cylinders,  A  and  B,  of  unequal  diam- 
eters.     In  the  cylinder  £  is  a  solid  piston,  (7,  which  rises  as  the 


Fig.  85. 

water  is  forced  into  B,  and  thus  forces  up  a  platform,  K.  The 
cylinder  A  fonns  the  barrel  of  a  pump,  by  means  of  which  water  is 
raised  from  a  reservoir,  P,  and  forced  into  the  cylinder  B,  This 
pump  is  worked  by  a  lever,  0,  attached  to  a  solid  piston,  a.  When 
tlie  piston  a  is  raised,  a  vacuum  is  formed  behind  it,  which  is  filled 
by  water  from  the  reservoir,  P,  which  enters  by  opening  the 
valve  S,      When  the  piston  is  depressed,  the  valve  S  closes,  the 


Digitized 


by  Google 


94 


HYDROSTATICS. 


valve  m  is  opened,  and  a  portion  of  the  water  is  forced  throogli 
the  pipe,  d,  into  the  cylinder  B,  By  continuing  to  work  the 
piston  a  up  and  down,  additional  quantities  of  water  are  forced 
into  the  large  cylinder. 

In  consequence  of  the  principles  of  equal  pressures,  the  force 
applied  to  the  piston  a  is  transmitted  through  tlie  tube,  d,  and  is 
finally  exerted  upwards  against  the  piston  C,  its  effect  being  multi- 
plied by  the  number  of  tunes  that  the  section  of  the  piston  C  is 
greater  than  that  of  the  piston  a.  For  example,  if  the  section  of 
C  is  150  times  as  great  as  that  of  a,  every  pound  of  pressure  on  the 
latter  will  produce  150  pounds  of  pressure  on  the  fpnncr.    This  effect 


Fig.  86. 

is  furtlier  multiplied  by  means  of  the  lever,  0.  The  pressure  exerted 
upon  C  forces  up  the  platfonn,  Kj  with  an  energy  that  may  be 
utilized  in  compressing  any  substance  placed  between  it  and  the  top 
of  the  press,  M  N.  This  upward  pressure  may  also  be  used  for 
raising  heavy  weights. 

By  varying  the  relative  dimensions  of  the  parts  of  the  machine, 
an  immense  power  may  be  exerted.  In  the  arts,  presses  of  this  kind 
are  constructed  capable  of  exerting  a  force  of  more  than  a  hundred 
thousand  pounds. 

The  hydraulic  press  is  used  in  compressing  seeds  to  obtain  oDs,  in 
packing  hay,  cotton,  and  other  gcxxis  for  shipment,  in  pressing  books 
for  the  binder,  and  in  a  great  variety  of  other  operations. 
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The  immense  tubular  bridge  over  the  Menai  Straits  was  raised 
from  the  level  of  the  water  to  the  top  of  the  piers  by  means  of 
presses  of  this  description.  The  hydraulic  press  was  also  used  in 
launching  the  Great  Eastern,  the  heaviest  movable  structure  ever 
constructed  by  man. 

Summary.  — 

Hydrostatics  and  Hydrodynamics, 

Properties  common  to  all  Liquids. 
Trafismission  of  Pressures, 
Expeiiment. 
Principle  of  Pascal. 
Experiment. 
Pressure  due  to  tlie  Weight  of  Liquids. 
Law  of  Pressure. 
Pressure  on  the  Bottom  of  a  Vessel. 

Hydrostatic  Paradox. 
Hydrostatic  Bellows. 
Lateral  Pressures. 
Reaction  Wheel. 
Pressure  Upwards. 

Experiment. 
Pascal's  Experiment. 
Hydraulic  Press. 


SECTION    11.  — EQUILIBRIUM    OF   LIQUIDS. 

128.  Conditions  of  Equilibrium. — A  solid  body  is  in 
equilibrium  when  its  centre  of  gravity  is  supported,  because 
the  particles  of  the  body  are  held  together  by  cohesion.  In 
liquids  the  particles  do  not  cohere,  and  unless  restrained  they 
would  flow  away  and  spread  out  indefinitely.  A  liquid  can 
be  in  equilibrium  only  when  restrained  b}'  a  vessel  or  some- 
thing equivalent.  Furthermore,  each  particle  must  be  equally 
pressed  in  all  diTCctions,  which  requires  that  the  free  surface 
should  be  level,  that  is,  everywhere  perpendicular  to  the  force 
of  gravit}'. 
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In  saying  that  the  free  surface  must  be  level,  we  suppose  that  the 
liquid  is  acted  upon  only  by  the  force  of  gravity,  which  is  the  ordi- 
nary case.  II',  however,  it  is  acted  upon  by  other  forces,  the  free 
surface  must,  at  every  point,  be  pei*pendicular  to  the  resultant  of  all 
the  forces  acting  at  that  point ;  for  if  it  were  not  so,  this  resultant 
might  be  resolved  into  two  components,  one  pei*pendicular  to  the 
surface,  and  the  other  parallel  to  it.  The  former  would  be  resisted 
by  the  reaction  of  the  liquid,  and  the  latter,  being  uncompensated, 
would  produce  motion,  wliich  is  contrary  to  the  hypothesis  of 
equilibrium. 


Fig.  87. 

129.  Level  Surface.  —  The  surface  of  a  liquid  is  level 
when  it  is  everywhere  perpendicular  to  the  direction  of 
gravit3\  Small  level  surfaces  coincide  sensibly  with  hori- 
zontal planes.  Large  level  surfaces  are  cui*ved  so  as  to  con- 
form to  the  general  form  of  the  earth's  surface.  That  the 
surface  of  the  ocean  is  curved  is  shown  b}-  the  plienomena 
presented  by  a  ship  viewed  from  the  shore,  as  exhibited  in 
Fig.  87.  As  the  vessel  recedes,  we  first  lose  sight  of  her  hull, 
then  her  lower  sails  disappear,  then  her  higher  sails,  until  at 
last  the  entire  vessel  is  lost  to  view. 
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In  defining  a  level  surface,  we  said  that  it  is  everywhere  perpen- 
dicular to  the  direction  of  gravity ;  more  strictly  speaking,  it  is  per- 
pendicular to  the  resultant  of  gravity  and  the  centrifugal  force  due 
to  the  earth's  rotation  on  its  axis.  Were  it  not  for  the  centrifugal 
force,  the  surface  of  the  ocean  would  be  perfectly  spherical,  but  in 
consequence  of  that  force,  it  is  ellipsoidal;  that  is,  the  oceans  are 
elevated  about  the  equator  and  depressed  about  the  poles. 

The  general  level  of  the  ocean  is  called  the  true  level ;  a  horizon- 
tal plane  at  any  point  is  called  the  apparent  level. 

The  curvature  of  the  earth  is  about  eight  inches  per  mile,  and 
increases  as  the  square  of  the  distance. 


Fig.  88. 

130.  Equilibrium  of  Liquids  in  Communicating 
Vessels.  —  When  a  liquid  is  contained  in  vessels  which 
communicate  with  one  another,  it  will  be  in  equilibrium  if  its 
upper  surface  in  all  of  the  vessels  is  in  the  same  horizontal 
plane. 

This  principle  is  demonstrated  by  means  of  the  apparatus  repre- 
sented in  Fig.  88.  This  apparatus  consists  of  a  system  of  glass 
vessels  of  different  shapes  and  capacities,  all  of  which  communicate 
by  a  tube,  a  c.  If  any  amount  of  water  or  other  liquid  be  poured 
into  one  of  the  branches  and  allowed  to  come  to  rest,  it  will  be  seen 

Digitized  by  VjOOQ  IC 


98 


HYDROSTATICS, 


that  its  upper  surface  in  all  of  the  vessels  is  in  the  same  horizontal 
plane.  The  reason  of  this  is,  obviously,  a  necessary  consequence  of 
the  principle  of  equal  pressures. 

131.  Vessels  containing  Liquids  of  different  Den- 
sities. —  When  liquids  of  different  densities  are  contained  in 
communicating  vessels,  they  will  be  in  equilibrium  when  the 
heights  of  the  columns  are  inversely  as  their  densitieiEU 


Fig.  89. 

This  principle  is  demonstrated  by  means  of  an  apparatus  showfl  in 
Fig.  89.  The  apparatus  consists  of  two  glass  tubes,  A  and  B,  open 
at  top,  and  communicating  at  bottom  by  a  smaller  tube.  If  a  quan- 
tity of  mercury  be  poured  into  one  of  the  tubes,  it  will  come  to  a  level 
in  both  tubes,  according  to  the  principle  explained  in  the  preceding 
article.  If  a  (quantity  of  water  be  poured  into  the  tube  A,  the  level 
of  the  mercury  iu  that  tube  will  be  depressed,  whilst  it  will  be  ele- 
vated in  the  tube  B.  The  difference  of  level,  d  c,  can  be  detenniued 
by  the  graduated  scales  on  the  tubes.  It  will  be  found  by  measure- 
ment, that  the  column  of  water,  a  h,  is  13.6  times  as  high  as  the 
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colamn  of  inercary,  d  c,  which  it  supports.  It  will  be  shown 
hereafter,  that  mercury  is  13.6  times  as  dense  as  water ;  hence  the 
principle  is  proved.  Other  liquids  nmy  bo  employed  with  similar 
results. 

132.  Equilibrium  of  Heterogeneous  Liquids.  —  If 
liquids  of  different  densities,  but  which  do  not  mix,  be  poured 
into  a  vessel,  they  will  arrange  them- 
selves in  the  order  of  their  densities, 
the  heaviest  being  at  the  bottom,  and 
the  upper  surface  of  each  will  be 
horizontal. 

This  is  shown  by  a  vial  (Fig.  90)  con- 
tainiDg  liquids  of  different  densities,  as 
mercury,  water  saturated  with  potassium 
carbonate,  alcohol  reddened  by  aniline, 
and  naphtha.  We  can  Hoat  on  the  differ- 
ent surfaces  balls  of  cork,  wax,  wood, 
and  glass.  If  the  vial  be  shaken,  the 
liquids  appear  to  mix ;  but  if  allowed 
to  stand,  they  arrange  themselves  in  hor- 
izontal layers,  the  densest  liquid  at  the 
bottom. 

It  is  in  accordance  with  this  principle  ---^----  -   -     — 

that  cream   rises  on   milk,   aud  oil  on  Fig.  90. 

water.  The  principle  is  often  employed  to  separate  liquids  of  differ- 
ent ilensity  by  the  process  of  decanting. 


SECTION    111. — APPLICATIONS    OF    THE    PRINCIPLE    OF 
EQUILIBRIUM. 

133.  The  Water  Level. — A  Water  Level  is  an  in- 
strument employed  for  determining  the  difference  of  level 
between  two  points.  It  consists  of  a  lioiizontal  tube  of 
metal  2  J  or  3  feet  in  length,  into  the  extremities  of  which 
two  glass  tubes  are  inserted  perpendicular  to  it.     The  whole 
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rests  upon  a  three-legged  support,  called  a  tripod^  as  shown 
in  Fig.  91.  A  quantitj-  of  water  tinged  with  carmine  or  other 
coloring  matter  is  introduced  into  one  of  the  glass  tubes, 
which,  flowing  through  the  horizontal  tube,  rises  to  the  same 
level  in  the  other,  by  the  principle  of  equilibrium  of  liquids 
in  communicating  vessels.  A  visual  ray  directed  along  the 
surfaces  of  the  water  in  the  two  glass  tubes  will  be  a  hori- 
zontal line,  or  a  line  of  apparent  level. 

In  using  the  instrument,  the  square,  seen  at  the  left  of  the  figure, 
can  be  raised  or  lowered  to  agree  with  the  dotted  line. 


Fig.  91. 

The  difference  of  level  will  be  the  difference  between  the  height 
of  the  levelling  instrument  and  the  distance  of  the  horizontal  mark 
on  the  square  from  the  ground. 

134.  The  Spirit  Level.  — The  Spirit  Level  consists  of 
a  tube  of  glass  nearly  filled  with  alcohol,  and  closed  at  its 
two  extremities.  The  tube  is  slightl}^  curved,  and  when 
placed  horizontally,  the  bubble  of  air  which  it  contains  rises 
to  the  middle  of  the  upper  side  of  the  tube.  If  either  end  be 
depressed,  the  bubble  runs  toward  the  other  end.  When 
used  it  is  ordinarily  mounted  in  a  wooden  case. 

This  form  of  hml  is  much  used  by  masons,  carpenters,  and  other 
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artisans.  To  ascertain  whether  a  sur£Eice  is  level,  the  instrument  is 
laid  upon  it,  and  the  iK>8ition  of  the  buhble  noticed.  If  the  bubble 
is  in  the  middle  of  the  tube,  the  surface  is  level. 

In  the  level  used  by  c^irpenters  there  are  generally  two  tubes  in 
the  same  case  situated  at  right  angles  to  each  other,  —  one  for  hori- 
zontal surfaces,  the  other  for  vertical. 

The  form  of  level  shown  in  Fig.  92  is  attached  to  many  kinds  of 
surveying  and  astronomical  instruments. 


Fig.  SYl 

135.  Springs.  —  Fountains.  —  Rivers.  —  It  is  the  prin- 
ciple of  equal  pressures  that  causes  water  to  rise  in  springs 
and  fountains.  The  water  which  feeds  them  is  contained  in 
natural  or  artificial  reservoirs  higher  than  the  spring  or  foun- 
tain. These  reservoirs  communicate  with  the  springs  or 
fountains  by  natural  or  artificial  channels,  and  the  pressure 
of  the  water  in  them  causes  that  in  the  spring  or  fountain  to 
boil  up,  or  sometimes  to  shoot  up  in  a  jet. 

The  water  of  a  jet  tends  to  rise  to  the  level  of  that  in  the  reser- 
voir, and  would  do  so  were  it  not  for  the  resistance  of  the  air,  the 
friction  of  the  water  against  the  pipe,  and  the  resistance  offered  by 
the  falling  particles,  all  of  which  combine  to  render  the  jet  lower 
than  the  fountain-head. 

The  same  principle  determines  the  flow  of  streams  from  the  higher 
to  the  lower  grounds.  The  water  of  lakes,  seas,  and  oceans  is 
continually  evaporating  to  form  vapors  and  clouds.  These  are  con- 
densed in  the  form  of  rain,  and  the  particles  of  water,  urged  by  their 
own  weight,  seek  a  lower  level.  The  rivulets  gather  to  form  brooks, 
and  these  unite  to  fonn  rivers,  by  which  the  water  is  once  more  re- 
turned to  the  oceans  and  lakes.  All  of  the  water  does  not  flow  back 
to  the  ocean  along  the  surface,  but  a  portion  percolates  through  the 
porous  soils  and  accumulates  in  cavities  to  feed  our  springs  and 
wells. 
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Fig.  93  represents  a  fountain.  The  reservoir  is  on  the  hill  to 
the  left,  and  the  water  reaches  the  bottom  of  the  basin  by  a  pipe 
represented  by  dotted  lines. 

It  will  be  observed  that  the  column  of  water  does  not  rise  as  high 
as  the  position  oc^^upied  by  the  water  in  the  reservoir  on  the  hill,  for 
the  reasons  just  given. 


136.  Artesian  Wells  are  deep  wells,  formed  by  boring 
through  rocks  and  strata  of  various  kinds  of  earth  to  reach 
a  supply  of  water.  These  wells  are  named  from  the  province 
of  Artois,  in  France,  where  the}"  were  first  used. 

Fig.  94  illustrates  the  principle  of  these  wells.  /Tis  the  natural 
surface  of  the  earth.  A  B  and  C  D  are  curved  strata  of  clay  or  rock 
which  do  not  allow  of  the  percolation  of  water.  £^  JTis  an  inter- 
mediate stratum  of  sand  or  gravel,  which  permits  water  to  penetrate 
it.  Wheu  ii  hole,  J,  is  bored  down  to  strike  the  water-bearing  stra- 
tum, K  Ky  the  pressure  of  the  water  in  the  stratum  forces  it  up  in  a 
jet.  The  well  of  Grenelle,  in  Paris,  is  nearly  1800  feet  deep,  and 
is  fed  by  water  coming  from  the  hills  of  Champagne,  which  are 
much  higher  than  Paris.  The  supply  of  water  from  this  well  is  im- 
mense. 
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Many  Artesian  wells  have  been  sunk  in  our  own  country. 
There  are  two  in  St.  Louis,  one  of  which  reaches  the  depth  of 
3843.5  feet,  and  one  in  Columbus,  Ohio,  having  a  depth  of  2775J 
feet.  In  California  these  wells  are  used  in  providing  water  for 
irrigation. 

The  so-called  flowing  wells  of  the  oil  regions  of  Pennsylvania  are 
examples  of  Artesiau  wells.  In  some  cases,  however,  the  cause  of 
the  violent  outburst  which  often  takes  place,  when  the  reservoir 
containing  petroleum  is  first  penetrated,  is  the  pressure  of  confined 
air  and  gases. 


Fig.  94. 

The  water  of  many   Artesian   wells   contains    great  quantities 
of  common  salt  and  other  substances  in  solution. 


Summary.  — 

Equilibrium  of  Liquids. 

Conditions  of  Equilibrium. 

Level  Surface. 

Apparent  and  True  Level. 

Liquids  in  Connected  Vessels. 
Illustration. 
Liquids  of  different  Densities. 

1.  In  Communicating  Vessels. 

2.  In  the  same  Vessel. 
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Applications  ofPnnciple  of  Equilibrium. 
The  Water  Level. 
The  Spirit  Level. 
Springs,  Fountains,  Rivers. 
Artesian  Wells. 
Flowing  Wells- 


8ECTI0N    IV.  —  PRESSURE   OX   SUBMERGED   BODIES. 

137.  Principle  of  Archimedes.  —  If  a  body  is  sub- 
merged in  a  fluid,  it  will  be  pressed  in  all  directions,  but  not 
equally. 

To  illustrate,  suppose  a  cube  immersed  in  water,  as  shown  in 
Fig.  95.    The  lateral  faces,  a  and  5,  will  be  equally  pressed  and 

iu  opposite  directions.  The  same  will 
be  true  for  the  other  lateral  faces. 
Hence  the  horizontal  pressures  will 
exactly  neutralize  each  other.  The 
upper  and  lower  faces,  c  and  d,  will 
be  unequally  pressed,  and  in  opposite 
directions.  The  face  c  will  be  pressed 
upwards  by  a  force  equal  to  the  weight 
of  a  column  of  the  liquid  whose  cross- 
section  is  that  of  the  cube,  and  whose 
height  is  the  dbtance  of  c  from  the 
surface  of  the  Huid.  The  face  d  will 
be  pressed  downwards  by  the  weight 
of  a  column  of  the  liquid,  having  the  same  cross-section  as  the 
cube,  and  a  height  equal  to  the  distance  of  d  from  the  surfiice  of 
the  liquid;  the  resultant  of  these  two  pressures  is  an  upward 
force,  equivalent  to  the  weight  of  a  volume  of  the  liquid  equal  to 
that  of  the  cube.  This  upward  pressure  is  the  buoyant  effort  of 
the  fluid. 

The  principle  just  explained  is  called  the  Principle  of 
Archimedes.  It  ma}'  be  expressed  by  saying  that  a  sub- 
merged body  loses  a  portion  of  its  weight  equal  to  that  of  the 
displaced  fluid. 
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138.  A  Hydrostatic  Balance  is  a  balance  having  a 
hook  attached  to  the  lower  face  of  each  scale-pan,  and  so 
constructed  that  the  beam  ma}'^  be  raised  or  lowered  at 
pleasure. 

Fig.  96  represents  a  hydrostatic  balance.  The  cyhnder  c  is  solid, 
and  fitted  tt>  slide  up  and  down  in  the  hollow  cyhnder  d.  The 
cylinder  c  may  be  confined  in  any  position  by  means  of  a  clamp 
screw,  n. 


Fig.  96. 

139.  Cylinder  and  Bucket  Experiment.  —  The  prin- 
ciple of  Archimedes  may  be  illustrated  by  what  is  called  the 
Cylinder  and  Bucket  Experiment,  as  shown  in  Fig.  96.  A 
hollow  cylinder  or  bucket,  5,  of  brass,  is  attached  to  the 
hook  of  one  of  the  scale-pans,  and  from  it  is  suspended  a 
solid  cj'linder  of  brass,  just  large  enough  to  fill  the  bucket, 
and  the  two  are  balanced  by  weights  placed  in  the  opposite 
scale-pan.  A  glass  vessel  having  been  placed  beneath  the 
cylinder,  water  is  gradually  poured  into  it,  until  the  cyhnder 
is  immersed.     The  opposite  scale-pan  will  descend,  showing 
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that  the  cylinder  is  buoyed  up  by  some  force.  If  we  now  fill 
the  bucket,  5,  with  water,  the  equilibrium  will  be  restored, 
and  the  beam  will  come  to  a  level.  Because  the  water  poured 
into  the  bucket  is  equal  to  that  displaced  by  the  C}  Under,  we 
infer  that  the  buoyant  effort  is  exactly  equal  to  the  weight 
of  the  displaced  fluid. 

The  principle  of  Archimedes  is  so  called  because  it  was  first 
discovered  by  the  illustrious  philosopher  of  that  name.  .  He  was  le<i 
to  the  discovery  in  an  attempt  to  detect  a  fraud  peipetrated  upon 
HiERO  of  Syracuse  by  a  goldsmith  who  had  been  employed  to  make 
a  golden  crown.  The  artisan  mixed  a  portion  of  silver  with  the 
gold  that  was  given  him  for  making  the  crown;  but,  by  means  of 
the  principle  above  explained,  Archimedes  was  able  to  determine 
the  exact  amount  of  each  material  employed. 

140.  Floating  Bodies.  —  Principles  of  Flotation. — 
When  a  body  is  plunged  into  a  liquid,  it  is  urged  downward 
by  its  proper  weight,  and  upward  by  the  buojant  effort  of 
the  liquid,  and,  according  to  the  relative  intensities  of  these 
two  forces,  three  cases  may  arise  :  — 

1.  If  the  density  of  the  immereed  body  is  the  same  as  that  of  the 
liquid,  its  weight  will  be  equal  to  the  buoyant  effort  of  the  liquid, 
and  it  will  remain  in  equilibrium  wherever  it  may  be  placed.  This 
is  practically  the  case  with  fishes.  They  maintain  themselves  in 
any  position  in  which  they  may  happen  to  be,  without  effort. 

2.  If  the  density  of  the  body  is  greater  than  that  of  the  liquid, 
its  weight  will  be  greater  than  the  buoyant  effort,  and  the  body  will 
sink  to  the  bottom.  This  is  what  happens  when  a  stone  or  piece 
of  iron  is  thrown  into  water. 

3.  If  the  density  of  the  body  is  less  than  that  of  the  liquid,  its 
weight  will  be  less  than  the  buoyant  effort,  and  the  body  will  rLse 
to  the  surface.  The  body  will  continue  to  rise  until  the  weight 
of  the  displaced  liquid  equals  that  of  the  body,  when  it  will  come 
to  rest.  It  is  then  said  to  float.  Thus,  a  piece  of  wood  floats  uptm 
water,  and  in  like  manner  a  piece  of  iron  floats  upon  mercury. 

When  a  floating  body  comes  to  rest  on  a  liquid,  the  plane  of  the 
upper  surface  of  the  liquid  is  called  the  Plane  of  Flotation, 

It  sometimes  happens  that  a  body  which  is  more  dense  than  a 
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liquid  floats  upon  it.  Thus,  a  porcelain  saucer  floats  upon  water. 
This  arises  from  its  form  being  such  that  it  displaces  its  own  weight 
of  water  when  only  partially  immersed.  For  the  same  reason  iron 
ships  float  freely  on  the  ocean. 

141.  Illustration  of  the  Principles  of  Flotation.  — 
The  principles  of  flotation  may  be  illustmted  by  an  instrument 
shown  in  Fig.  97,  which,  under 
various  forms,  is  sold  in  the  shops 
as  a  child's  to}'. 

In  the  form  shown,  it  consists  of  a 
high  and  narrow  glass  vessel,  sur- 
mounted by  a  brass  cylinder,  A,  in 
which  is  an  air-tight  piston  that  may 
bo  raised  or  depressed  by  the  hand. 
The  vessel  is  partially  filled  with  water, 
and  contains  a  light  body,  as  a  fish, 
hollow,  and  of  porcelain  or  glass.  The 
fish  is  attached  to  a  sphere  of  glass,  m, 
filled  with  air,  and  with  a  small  hole, 
o,  at  its  lower  side,  through  which 
water  can  flow  in  or  out,  as  the  pres- 
sure is  increased  or  diminished. 

Under  ordinary  circumstances  the 
sphere,  m,  with  its  attached  fish,  floats 
at  the  surface  of  the  water.  If  the 
piston  is  depressed,  the  air  beneath  it 
is  compressed,  and  acting  upon  the 
water  forces  a  portion  of  it  into  the 
globe.  The  apparatus  then  becomes 
more  dense  than  the  water,  and  sinks. 

the  air  in  the  globe  expands  and  drives  the  water  out,  when  it 
again  floats  on  the  surface.  The  experiment  may  be  repeated  at 
pleacure. 


Fig.  97. 
By  reheving  the  pressure. 


142.  Swimming  Bladder  of  Fishes.  —  In  many  fishes 
there  is  a  bladder  filled  with  air,  situated  directly  under  the 
backbone.     This  is  called  the  Swimming  Bladder. 

When  the  fish  wishes  to  descend,  it  compresses  this  bladder  by 
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a  muscular  effort^  and  then,  as  the  quantity  of  water  displaced  is  less 
than  before,  the  weight  of  the  fish  prevails  over  the  buoyant  effort, 
and  the  fish  sinks.  On  relaxing  the  effort,  the  bladder  expands,  the 
buoyant  eflbrt  of  the  water  prevails  over  the  weight  of  the  fish,  and 
it  rises. 

143.  Swimming.  —  The  human  body  is  lighter  than  water, 
especially  than  the  salt  water  of  the  oe^an,  and  tends  naturally  to 
float  when  immersed.  The  only  reason  why  men  do  not  swim  natu- 
rally is  the  difficulty  of  keeping  the  head  out  of  water,  so  as  to  be 
able  to  breathe.  The  head  is  the  heaviest  part  of  the  body,  and 
tends  continually  to  sink  into  the  water. 

Many  quadrupeds  swim  naturally,  because  the  head  is  small  in 
proporti«»u  to  the  body,  and  is  so  placed  upon  the  trunk  that  it  is 
easy  to  keep  it  above  the  surface. 

The  safest  position  for  a  person  in  the  water,  who  does  not  know 
how  to  swim,  is  upon  the  back.  The  tendency  to  raise  the  arms  out 
of  the  water  should  be  resisted,  as  this  diminishes  the  buoyant  effort 
of  the  fluid  without  diminishing  the  weight. 

Many  kinds  of  birds,  as  ducks,  geese,  swans,  and  the  like,  swim 
naturally  and  without  effort.  They  owe  this  feculty  to  a  thick  layer 
of  down  and  feathers  which  are  very  light,  and  impermeable  by 
water.  They  therefore  displace  a  large  volume  of  water  in  pro- 
portion to  their  weight,  giving  rise  to  a  strong  buoyant  effort. 

Summary.  — 

Pressure  on  Submerged  Bodies. 
Principle  of  Archimedes. 

Illustration. 
Hydrostatic  Balance. 
Cylinder  and  Bucket  Experiment. 

Hiero^s  Crown. 
Floating  Bodies, 

Bodies  of  the  same  Density  as  the  Liquid.  —  Bodies 

of  greater  Density.  —  Bodies  of  less  Density. 
Plane  of  Flotation. 

Illustration  of  Flotation. 
Swimming  Bladder  of  Fishes. 
Swimming. 

Why  many  Animals  swim  naturally. 
Aquatic  Birds. 
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SECTION    V.  —  SPECIFIC   GRAVITY   OF   BODIES. 

144.  The  Specific  Gravity  of  a  body  is  its  relative 
weight ;  that  is,  it  is  the  number  of  times  the  body  is 
heavier  than  an  equivalent  volume  of  some  other  body 
taken  as  a  standard. 

It  is  a  matter  of  daily  observation  that  some  bodies  are  heavier 
than  others  under  the  same  volume.  Thus,  gold  is  heavier  than 
silver,  lead  than  iron,  stones  than  wood,  and  so  on.  In  order  to 
compare  the  relative  weights  of  different  bodies,  all  are  referred  to  a 
common  standard. 

Distilled  water  is  generally  adopted  as  a  standard,  and  because 
water  varies  in  density  at  different  temperatures,  it  is  usual  to  take 
it  at  the  temperature  of  39°.2  Fahrenheit,  or  4°  Centigrade,  water 
being  most  dense  at  that  temperature. 

In  order  to  find  the  specific  gravity  of  any  body,  all  that 
we  have  to  do  is  to  find  how  many  times  heavier  an}^  given 
volume  of  the  body  is  than  an  equivalent  volume  of  distilled 
water  at  39°. 2  F.  This  is  the  method  of  fixing  the  specific 
gravity  of  solids  and  liquids ;  we  shall  see  hereafter  how  it  is 
possible  to  fix  the  specific  gravity  of  gases  and  vapors. 

^45-  Specific  Gravity  of  Solids. — The  following  are 
some  of  the  methods  of  determining  the  specific  gravities  of 
solids :  — 

1.  ^  the  Hydrostatic  Balance,  —  Place  the  body  in  one  of 
the  scale-pans  and  balance  it  by  known  weights  in  the  other 
pan.  These  will  give  the  weight  of  the  body  in  air.  Next 
suspend  the  body  in  a  vessel  of  distilled  water  by  means  of  a 
thread  or  wire  attached  to  one  of  the  scale-pans,  as  shown  in 
Fig.  98,  and  balance  it  b}*  weights  placed  in  the  other  pan. 
On  account  of  the  buoj-ant  effort  of  the  water,  the  weight  of 
the  body  in  water  will  be  less  than  that  in  air.  Subtract  the 
weight  of  the  body  in  water  from  that  in  air,  and  the  differ- 
ence will  be  the  weight  of  the  displaced  water,  that  is,  the 
weight  of  a  volume  of  water  equal  to  that  of  the  body. 
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Having  found  the  weight  of  the  body  in  air,  and  the  weight 
of  an  equivalent  volume  of  water,  divide  the  former  by  the 
latter,  and  the  result  will  be  the  specific  gravit}'  required. 

This  method  is  sometimes  briefl}'  stated  in  the  following 
rule  :    Divide  the  weight  in  air  by  the  loss  in  water. 

Example.     A  piece  of  marble  weighs  24  grammes  in  air  ami 
15.5  grammes  in  water ;  what  is  its  specific  gravity  f 

24  —  15.5  =  8.5.      24  -^  8.5  =  2.82  +,  Ans. 


Fig.  oa 

The  specific  gravity  of  a  solid  that  floats  in  water  may  be  found 
by  the  following  method.  Attach  to  it  some  body  heavy  enough  to 
sink  it,  and  weigh  both  together  in  air,  and  then  in  water ;  and,  by 
subtraction,  find  how  much  the  combined  solids  lose  in  water.  Then 
take  the  heavy  body  alone  and  find  how  much  it  loses  in  water. 
Subtract  this  from  the  loss  sustained  by  the  two,  and  it  will  give  the 
weight  of  the  water  displaced  by  the  lighter  body.  Now  divide  the 
body's  weight  in  air  by  this  remainder  and  it  will  give  the  specific 
gravity. 
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Example.    To  find  the  specific  gravity  of  a  piece  of  wood  weigh 
iiig  6  ounces.     Attach  to  it  8  ounces  of  lead. 
Weight  of  coinhincd  solids  in  air     .     . 
We  find  their  weight  in  water  to  be 

Loss  of  combined  solids  in  water  . 
Weight  of  lead  alone  in  air  ...  . 
Its  weight  in  water  is  found  to  be    .     . 

Lead  loses  in  water 

Tho  loss  due  to  the  wood  alone  equals  9.5  —  .7  =  8.8.    Specific 
gravity  of  the  wood  r=  6  -=-  8.8  =  .682  nearly. 


14  ounces. 
4^    ** 

9.5  '' 

8  " 

7^  " 

.7  " 


Fig.  99.  Fig.  lOa  Fig.  101. 

2.  By  Nicholson's  Hydrometer,  —  Nicholson's  Hydrometer 
consists  of  a  hollow  cylinder  of  metal,  as  shown  in  Fig.  99, 
weighted  at  the  bottom  by  a  heavy  body,  rf,  to  make  it  float 
erect,  and  terminating  above  by  a  thin  stem,  c,  which  sup- 
ports a  scale-pan,  a.  The  instrument  is  so  constructed  that 
when  a  given  weight,  say  500  grains,  is  placed  in  the  pan,  it 
will  sink  in  distilled  water  to  a  notch,  c,  on  the  stem. 

The  method  of  determining  the  specific  gravity  hy  means  of  this 
»nstnmient  is  shown  in  Figs.  100  and  101.  Suppose  it  were  required 
to  determine  the  specific  gravity  of  a  small  bar  of  iron  weighing  less 
than  500  grains. 

Digitized  by  VjOOQIC 


112  HYBHOSTA  TICS. 

The  bar  is  placed  in  the  pan  and  weights  added  till  it  sinks  to  the 
notch  in  the  stem,  as  slwwn  in  Fig.  100.  These  weights,  subtracted 
from  500  grains,  give  the  weight  of  the  bar  in  air.  Next  place  the 
bar  in  the  cup,  d,  as  shown  in  Fig.  101,  and  add  weights  enough  to 
make  the  instrument  sink  again  to  the  notch  in  the  stem.  The  last 
weights  will  denote  the  buoyant  eflfort  of  the  fluid,  or  the  weight  of 
the  water  displaced  by  the  bar.  Divide  the  weight  of  the  bar  in  air 
by  the  weight  of  the  displaced  water,  and  the  result  will  be  the 
specific  gravity  sought. 

S.  By  a  Flask.  —  This  method  is  used  when  a  body  exists 
in  a  state  of  powder,  or  in  fine  particles  like  sand.  A  small 
flask,  whose  exact  weight  is  known,  is  first  filled  with  the 
powder  and  the  whole  carefully  weighed.  The  entire  weight, 
diminished  by  that  of  the  flask,  is  the  weight  of  the  bod3'. 
The  flask  is  then  filled  with  water  and  weighed.  This  weight, 
diminished  !)y  that  of  the  flask,  is  the  weight  of  an  equivalent 
volume  of  water.  Divide  the  weight  of  the  body  by  that  of 
its  equivalent  volume  of  water,  and  the  result  will  be  the 
specific  gravity  required. 

It  is  evident  that  by  this  method  we  obtain  the  specific  gravity 
of  the  entire  contents  of  the  flask  as  one  mass,  including  the  air  that 
it  may  contain. 

146.  Specific  Gravity  of  Liquids. — The  following  are 
some  of  the  methods  of  determining  the  specific  gravities  of 
liquids :  — 

1 .  By  Fahrenheit" s  Hydrometer,  —  Fahrenheit's  Hydrome- 
ter consists  of  a  glass  cylinder  ballasted  at  the  bottom  b}- 
a  small  globe  filled  with  mercury,  and  provided  at  top  with 
a  stem  and  scale-pan,  as  shown  in  Fig.  102.  Its  weight  is 
carefully  determined. 

To  use  the  hydrometer,  it  is  first  plunged  into  distilled  water,  and 
weights  placed  in  the  scale-pan  till  it  sinks  to  the  notch  filed  on  the 
stem.  These  weights,  increased  by  that  of  the  instrument,  will  give 
the  weight  of  the  displaced  water.  The  instrument  is  next  plunged 
into  the  liquid  in  question,  and  weights  are  placed  in  the  pan  till  the 
instrument  Hgajn  sjnks  to  the  notch.     These  weights,  added  to  that 
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of  the  instrument,  give  the  weight  of  the  displaced  liquid.  Now  the 
volumes  displaced  are  the  same  in  hoth  cases,  each  being  that  of  the 
submerged  instrument ;  hence,  if  we  divide  the  weight  of  the  dis- 
placed liquid  by  that  of  the  displaced  water,  the  quotient  will  be  the 
specific  gravity  required. 


Fig.  102. 


2.  By  the  Flask,  —  A  flask  is  constructed  so  as  to  hold  a 
given  weight  of  distilled  water,  say  1000  grains.  This  flask 
is  first  weighed  when  empty,  and  then  when  filled  with  the 
liquid  in  question.  The  difference  of  these  results  is  the 
weight  of  the  liquid,  and  this,  divided  by  1000  grains,  will  be 
the  specific  gravity  required. 

A  knowledge  of  the  specific  gravities  of  bodies  is  of  frequent 
application.  In  mineralogy  it  aids  in  determining  mineral  species. 
The  jeweller  determines  by  its  aid  the  precious  stones.  It  enables 
us  to  find  the  weight  of  a  body  when  we  know  its  volume.  Thus  a 
cubic  foot  of  lead  weighs  11.35  times  as  much  as  a  cubic  foot  of 
water;  but  a  cubic  foot  of  water  weighs  1000  ounces,  hence  a  cubic 
foot  of  lead  weighs  11,350  ounces,  or  about  709  pounds. 

The  specific  gravities  of  some  of  the  most  important  substances 
are  given  in  the  following  table  :  — 
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TahU  showing  the  Specific  Gravities  of  Solids  and  Liquids, 


Platinum  (rolled)    .     .     .  22.07 
Gold  (stamps)    ....  19.36 

Lead  (cast) 11.35 

Silver  (cast) 10.47 

Iron  (bar) 7.79 

Zinc  (cast) 6.86 

Diamond 3.53 

White  Marble    ....    2.84 

Glass  (flint) 3.33 

Ivory 1.92 


Mercury 13.60 

Sulphuric  Acid   ....  1.84 

Milk     , 1.03 

Sea  Water 1.03 

Distilled  Water  ....  1.00 

Bordeaux  Wine ....  0.99 

Olive  Oil 0.91 

Spirits  of  Turpentine  .     .  0.87 

Absolute  Alcohol    .     .     .  0.79 

Ordinary  Ether  ....  0.72 


It  will  be  seen  that  platinum  is  the  heaviest  solid,  and  that  mer- 
cury is  the  heaviest  liquid. 

147.  Beaum6's  Areometer  consists  of  a  bulb  of  glass, 
ballasted  at  bottom  b}^  a  second  bulb  containing  mercury, 
and  terminating  at  top  in  a  cylinder  of  uniform  diameter,  as 
shown  in  Fig.  103. 

When  plunged  into  liquids,  it  sinks 
till  the  weight  of  the  displaced  fluid 
equals  that  of  the  areometer.  In  light 
fluids  it  therefore  sinks  deeper  than  in 
heavy  ones. 

The  plan  of  graduating  Beaum^'s  areo- 
meter is  as  follows.  It  is  ballasted  so  that 
in  distilled  water  it  will  sink  to  the  point  a, 
on  the  stem,  which  is  marked  0.  A  mix- 
ture of  salt  and  pure  water  is  then  formed, 
in  the  proportion  of  15  of  the  former  to  85 
of  the  latter,  into  which  the  instrument  is 
plunged.  The  upper  surface  then  cuts  the 
stem  at  some  point,  c,  which  is  marked  15. 
The  intennediate  space  between  a  and  c  is 
divided  into  15  equal  parts,  and  the  division 

is  continued  downwards  on  the  stem.     The  divisions  and  numbers 

are  on  a  slip  of  paper  in  the  interior  of  the  stem. 

The  use  of  the  instrument  thus  graduated  is  to  ascertain  the 

amount  of  salt  in  any  solution  of  salt  in  water.    It  is  plunged  into 
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the  solution  in  question,  and  the  number  to  which  it  sinks  denotes 
the  degree  of  saturation  of  the  solution. 

Instruments  constructed  on  this  principle  have  been  devised  for 
determining  the  strength  of  other  solutions,  whether  of  acids  or 
salts ;  also  for  determining  the  strength  of  saccharine  solutions  and 
the  like. 


148.  The  Alcoholmeter  is  similar  in  its  construction 
to  the  areometer  just  described.  It  is  graduated  so  as  to 
show  the  percentage  of  alcohol  in  any  mixture  of  alcohol  and 
water. 

The  instrument  is  first  ballasted  so  that  when 
plunged  in  pure  water  it  wiU  float  with  nearly  all 
of  its  stem  above  the  water.  The  line  of  flotation 
is  marked  0.  Mixtures  are  then  formed,  containing 
one,  two,  three,  etc.,  per  cent  of  pure  alcohol  and 
water,  and  the  instrument  is  plunged  into  them  in 
succession.  The  lines  of  flotation  are  marked  J ,  2, 
3,  etc.,  as  in  the  instrument  previously.  In  this 
case  the  numbers  run  upwards.  It  is  necessary  to 
graduate  it  throughout  by  trial,  as  the  divisions 
are  not  uniform. 

To  use  the  instrument,  it  is  plunged  into  the 
mixture  of  alcohol  and  water  to  be  tested,  and  the 
percentage  is  read  off  on  the  paper  scale  within 
the  tube,   or  else  the  scale  is  scratched  upon  the  stem  with   a 
diamond. 


Fig.  104. 


Summary. — 

Specific  Graviti/. 

Standard  of  Specific  Gravity. 
Spedfixi  Gravity  of  Solids, 

Method  by  Hydrostatic  Balance. 

Rule  and  Example. 
Solid  Lighter  than  Water. 

Rule  and  Example. 
Method  by  Nicholson's  Hydrometer. 
Method  by  a  Flask. 
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Specific  Gravity  of  Liquids. 
By  the  Hydrometer. 
By  the  Flask. 

Applications. 
Table  of  Specific  Gravities. 
Beaum^'s  Areometer. 
The  Alcoholraeter. 


THE    MECHANICS    OF    LIQUIDS. 

Part  II.  -  HYDRODYNAMICS. 
SECTION    I.  —  FLOW   OF   LIQUIDS. 

149.  Flow  of  Liquids  from  Orifices. — It  has  already 
been  shown  that  the  pressure  exerted  by  a  fluid  is  propor- 
tional to  its  depth.  If  then,  in  a  vessel  filled  with  water, 
openings  be  made  at  different  depths  from  the  surface,  as 
shown  in  Fig.  105,  it  is  evident  that  the  water  will  flow  out 
with  the  greatest  velocity  at  the  greatest  depth  from  the 
surface. 

But  the  velocity  does  not  increase  in  the  simple  ratio  of 
the  depth  ;  it  is  found  to  be  in  proportion  to  the  square  root 
of  the  depth.  This  result  is  in  accordance  with  the  laws  of 
falling  bodies. 

The  water  issues  from  the  jet  at  v  with  a  velocity  which 
would  carry  it  to  the  same  height  with  the  surface  in  A,  were 
it  not  for  friction  and  the  resistance  of  the  air. 

This  velocity  is  the  same  that  would  be  acquired  by  a  body 
in  falling  freely  through  the  distance  from  h  to  v. 

Since  the  whole  space  described  by  a  falling  body  is  proportioned 
to  the  square  of  the  time,  while  the  velocity  increases  in  the  simple 
ratio  of  the  time,  it  follows  that  the  velocity  acquired  is  proportioned 
to  the  square  root  of  the  whole  space  through  which  the  body  falls. 

Thus,  if  an  aperture  be  made  in  a  vessel  containing  water,  ]6j^tj  feet 
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below  the  surface,  the  water  will  escape  with  a  velocity  of  32J  feet 
per  second ;  for  this  is  the  velocity  acquired  by  a  body  faUiog  through 
that  distance. 

A  stream  thrown  out  in  any  other  direction  than  the  vertical  will 
have  the  same  velocity,  since  the  pressure  to  which  the  velocity  is 
due  remains  the  same. 

The  range  of  a  horizontal  jet  will  be  greatest  when  it  is  half-way 
between  the  surface  and  the  level  of  the  place  where  it  strikes. 
Thus  the  jet  shown  at  m  in  the  figure  has  the  greatest  range.  Jets 
issuing  from  orifices  at  equal  distances  above  and  below  the  middle 
point,  as  at  ^  and  »,  will  have  the  same  range. 


Fig.  105. 

15a.  Volume  of  Liquid  Discharged.  —  In  theory,  the 
volume  discharged  will  be  equal  to  the  velocity  multiplied  b}' 
the  area  of  the  orifice.  For  example,  if  water  issues  with  a 
velocity  of  ten  feet  per  second,  from  an  orifice  having  an  area 
of  two  square  inches,  the  volume  discharged  in  one  second 
is  equal  to  (10  X  12)  X  2  =  240  cubic  inches. 

This  rule  does  not  give  quite  accurate  results,  for  in  practice 
the  amount  discharged  is  considerably  diminished  by  friction,  and 
by  the  formation  of  what  is  called  the  vena  contracta^  or  contracted 
vein. 
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When  water  flows  through  a  circular  opening  in  a  large  vessel 
having  thin  sides,  it  rushes  from  different  directions  towards  the 
opening  and  forms  conflicting  currents  that  diminish  the  velocity. 
On  leaving  the  orifice  the  jet  contracts,  so  that  at  a  distance  some- 
what less  than  the  diameter  of  the  opening,  the  area  of  its  cross 
section  is  only  ahout  two-thirds  of  that  at  the  orifice. 

This  narrow  portion  of  the  stream  is  called  the  vena  contracfa. 

By  attaching  suitable  tubes  to  the  orifice,  the  formation  of  the 
**  contracted  vein  ^  may  be  prevented  and  the  flow  of  water  consider- 
ably increased. 

151.  The  Flow  of  Liquids  through  Pipes.  —  When 
water  from  a  reaervoir  is  conveyed  to  a  distance  in  pipes,  the 
velocity  of  the  flow  is  greatly  diminished  by  friction,  especially 
in  the  case  of  small  pipes. 

A  pipe  200  feet  long  and  one  inch  in  diameter,  laid  horizontally, 
will  discharge  only  one- fourth  as  much  water  as  a  tube  of  the  same 
size  one  inch  long.  A  pipe  of  the  same  length,  two  inches  in  diam- 
eter, will  discharge  about  five  times  as  much  water  as  one  of  one 
inch  in  diameter.  The  areas  of  their  cross  sections  being  as  the 
squares  of  their  diameters,  the  ratio  should  be  as  4  to  1,  but  the  effect 
of  friction  in  retarding  the  flow  is  much  greater  in  proportion  in 
small  pipes  than  in  large  ones. 

152.  The  Flow  of  Rivers.  —  Avery  slight  inclination 
is  sufficient  to  cause  a  flow  of  water.  Three  inches  to  a  mile 
in  a  smooth,  straight  channel  is  sufficient  to  give  a  velocity 
of  about  three  miles  per  hour. 

The  force  of  the  current  in  rivers  is  greatly  diminished  by  friction 
upon  the  bottom  and  upon  the  banks,  and  consequently  the  strongest 
current  is  near  the  surface  of  the  deepest  part  of  the  stream. 

The  parts  of  a  river-bed,  where  the  steepest  inclinations  occur,  are 
almost  always  filled  with  masses  of  rock,  which  obstruct  the  flow 
and  greatly  diminish  the  velocity  of  the  stream. 
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SECTION   II.  —  WATER  AS  A  MOTIVE   POWER. 

i53o  Water-Wheels.  —  Wherever  water  is  collected 
in  reservoirs  or  lakes  above  the  level  of  the  sea,  it  com- 
prises a  store  of  potential  energy  which,  by  its  down- 
ward flow,  becomes  kinetic  energy  —  a  working  power. 
This  power  is  applied  to  useful  purposes  by  means  of 
water-wheels.  Water-wheels  are  turned  (1)  by  the  force 
of  a  current,  (2)  by  the  weight  of  the  water,  or  (3)  by 
both  combined. 

154.    The  Undershot  Wheel  is  moved  by  the  force  of 
the  current  striking  against 
float-boards,  which  are  ar- 
ranged so  as  to  be  more  or 
less  submerged. 

This  is  the  least  effective 
form  of  the  water-wheel,  util- 
izing not  more  than  twenty-five 
per  cent  of  the  tt)tal  energy  of 
the  stream. 

It  is  generally  placed  in  a 
"  race-way,"  a  narrow,  sloping 
passage  which  conducts  the 
water  from  a  reservoir  or  dam. 
This  form  of  wheel  is  represented  in  Fig.  106. 


Fig.  106. 


155.  The  Overshot  Wheel.  —  This  form  of  water- 
wheel  is  called  "  overshot"  because  the  water  is  received  at 
the  top  and  passes  over  the  wheel,  as  shown  in  Fig.  107. 
It  is  moved  principally  by  the  weight  of  the  water,  which 
flows  into  cells,  called  '*  buckets,"  formed  on  the  circum- 
ference of  the  wheel,  and  shaped  so  as  to  retain  as  much 
of  the  water  as  possible  till  they  reach  the  lower  part  of  the 
wheel,  where  they  are  emptied. 
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This  is  a  very  effective 
form  of  the  wheel,  utiliz- 
ing nearly  three-fourths  of 
the  total  moving  power  of 
the  water.  It  is  especially 
adapted  for  use  with  a 
small  stream  which  has* 
a  great  fall.  Wheels  of 
this  kind  are  often  made 
of  fifty  feet  or  more  in 
diameter. 


Fig.  107. 

156.  The  Breast  Wheel.  —  In  the  breast  wheel  the 
water  is  received  nearly  at  the  level  of  the  axis.  In  some 
wheels  of  this  kind  the  water  flows  into  buckets  similar  to 
those  of  the  overshot  wheel ;  but  generally  it  acts  upon  float- 
boards  placed  perpendicular  to  the  circumference,  and  the 

race-wa}^,  or  passage  for  the  water, 
is  made  to  fit  closel}'  to  the  circum- 
ference of  the  wheel.  The  water 
being  thus  enclosed  acts  partly  by 
its  weight  and  partly  by  its  mo- 
mentum. 

Fig.  106.  represents  this  form  of 
water-wheel.  In  *  its  best  form  the 
breast  wheel  will  utilize  about  sixty- 
five  per  cent  of  the  moving  power  of 
the  water.  It  was  formerly  in  general  use,  but  is  now  mostly  super- 
seded by  the  ^^  turbine." 

157.  The  Turbine  Wheel  is  the  most  effective  of  all 
the  forms  of  water-wheels.  Many  different  varieties  are  in 
use.  One  of  these  is  shown  in  perspective  and  in  horizontal 
section  in  Figs.  109  and  110. 

The  wheel  in  this  fonn  is  wholly  submerged  in  water  under  the 
pressure  of  a  considerable  head.     The  water  enters  at  the  circum- 


Fig.  108. 
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ferences  of  the  wheel  JB,  through  an  enclosing  case,  Z),  which  is 
stationary.  It  is  directed  by  the  openings  in  i)  so  as  to  strike  the 
curved  floats  or  buckets  of  B  in  the  direction  of  the  greatest  efficiency. 
It  then  escapes  from  the  central  part  of  the  wheel  by  a  tube,  which 
is  extended  vertically  downward. 

A  central  shaft,  A  (Fig.  109),  communicates  motion  to  the 
machinery  above. 

The  wheel  is  protected  from  the  vertical  pressure  of  the  water  by 
the  top,  T,  which  is  attached  to  the  enclosing  case,  Z). 


Fig.  109.  Fig.  110. 

In  another  form  of  the  turbine  the  water  enters  through  a  fixed 
tube  at  the  centre,  and,  directed  by  fixed  curved  partitions,  imparts 
motion  to  the  outer  casing,  which  revolves,  and  is  connected  with 
the  shaft. 

The  best  forms  of  the  turbine,  when  used  under  a  full  head  of 
water,  have  been  found  to  utilize  from  eighty  to  eighty-five  per  cent 
of  the  force  of  the  water. 


SECTION    III.  —  MACHINES    FOR   RAISING   WATER. 

Most  of  the  machines  in  common  use  for  raising 
water  depend  upon  the  action  of  the  atmosphere,  and 
will  be  described  under  the  head  of  Pneumatics. 

158.  Archimedes'  Screw.  —  The  screw  of  Archimedes, 
invented  by  the  philosopher  of  that  name,  is  one  of  the  most 
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ancient  contrivances  for  raising  water.     It  was  in  use  before 
the  Christian  era,  and  it  is  still  used  in  Holland  for  draining 

low  grounds. 

As  shown  in  Fig.  Ill,  it  con- 
sists of  a  tube  wound  in  a  spiral 
fonn  around  a  solid  eylinder, 
which  is  made  to  revolve  by 
turning  the  handle,  H,  If 
placed  at  a  proper  inclination, 
the;  water,  as  the  handle  is  turned, 
will  continue  to  ik>w  into  those 
parts  of  the  tube  that  are  brought 
successively  below  the  shaft,  till 
finally  it  will  be  disharged  at  the 
Fig.  111.  top. 

159.  The  Chain  Pump  consists  of  a  tube,  the  lower 
part  of  which  enters  the  well  or  reservoir,  and  the  upper  part 
extends  to  the  point  where  the  water  is  to  be  discharged. 
An  endless  chain  passes  over  a  wheel  at  the  top,  and  also 
around  another  wheel  placed  in  the  water  at  the  bottom. 
This  chain  cames  at  equal  distances  flat  disks  which  fit 
closely  into  the  tube.  As  the  wheel  revolves  the  disks  carrj' 
the  water  before  them  into  the  tube,  and  finally  discharge  it 
at  the  top. 

160.  The  Hydraulic  Ram. — When  water  under  a  con- 
siderable head  is  flowing  through  a  long  pipe,  if  at  any  point 
the  flow  is  suddenly  stopped,  the  momentum  of  the  water 
causes  great  and  sudden  pressure,  often  sufidcient  to  burst 
the  pipe.  The  hydraulic  ram  makes  use  of  this  pressure  in 
raising  a  portion  of  the  water  to  a  greater  height. 

The  principle  of  its  construction  is  shown  in  Fig.  112. 

The  pipe,  Ay  leading  from  the  reservoir,  terminates  in  the  small 
cylinder,  B,  which  opens  upward  and  is  fitted  with  a  valve,  Z), 
which  is  heavy  enough  to  fall  when  the  water  in  the  pipe  is  still,  or 
moving  very  slowly.  When  the  current  through  A  acquires  sufficient 
velocity,  it  raises  the  valve  and  suddenly  shuts  off  the  water  at  D. 
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The  sudden  pressure  thus  produced  opens  the  valve  E  leading  to  an 
air-chamber,  Gj  into  which  a  part  of  the  water  is  then  discharged. 
The  air  in  the  chamber,  G,  is  condensetl  by  the  sudden  influx,  but, 
immediately  reacting  by  its  elasticity,  it  forces  a  portion  of  the  water 
up  into  the  small  tube,  H, 

As  soon  as  the  water  in  the  pipe  B  ceases  flowing,  the  valve  D 
opens  by  its  own  weight ;  the  valve  in  the  air-chamber  closes,  and 
the  water  again  flowing  through  A,  soon  acquires  velocity  enough 
to  shut  the  valve.  The  whole  operation  is  thus  continually  repeated; 
successive  portions  of  water  are  forced  into  the  air-chamber,  and 
thence,  by  the  elasticity  of  the  confined  air,  discharged  in  a  continu' 
ons  stream  through  the  pipe  H, 


Fig.  112. 

The  hydraulic  ram  furnishes  a  very  efficient  and  economical 
method  of  raising  a  small  quantity  of  water  to  a  great  height,  wher- 
ever a  sufficient  fall  of  water  can  be  obtained. 


Summary.  — 

JB%w  of  Liquids  from  Orifices, 

Velocity  and  Range. 

Volume  Discharged. 
FUm  of  Liquids  through  Pipes, 

Efiects  of  Friction. 
Flow  of  Rivers. 
Potential  Enerffy  ofResermirs  of  Water. 
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Water  Power  —  How  Applied.     ♦ 
The  Undershot  WheeL 
The  Overshot  WheeL 
The  Breast  Wheel. 
The  Turbine  WheeL 
'  Methods  of  Baising  Water. 
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CHAPTER    V. 

PNEUMATICS. 
SECTION    I.  —  THE   ATMOSPHERE. 

i6i.  General  Properties  of  Gases  and  Vapors.  — 
Gases  and  Vapors  are  highly  compressible  and  elastic 
fluids. 

Their  particles,  like  those  of  liquids,  move  freely,  and 
transmit  pressure  in  all  directions ;  but  they  differ  from 
liquids  in  the  predominance  of  the  repellent  force  ex- 
erted between  their  molecules,  in  consequence  of  which 
a  mass  of  gas  always  tends  to  expand. 

The  force  that  elastic  fluids  exert  in  this  way  is 
called  their  tension. 

The  distinction  between  a  gas  and  a  vapor  is  not  very 
clear.  When  a  body  in  the  gaseous  form  can  be  reduced  to 
a  liquid  by  cooling,  or  by  a  moderate  pressure,  it  is  usually 
called  a  vapor. 

It  is  now  known  that  all  the  gases  may  be  reduced  to  the 
liquid  form  by  great  pressure  and  intense  cold  combined. 

162.  The  Atmosphere.  —  Common  air  possesses  all  the 
mechanical  properties  that  belong  to  gases  and  vapors.  It  is 
therefore  taken  as  the  type  of  aeriform  bodies. 

The  atmosphere  that  smTOunds  the  eailh  is  transparent, 
without  odor,   and  colorless   except  in  great  masses.     In 
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masses  it  assumes  a  blue  tint,  and  is  the  cause  of  the  bhie 
color  of  the  sky. 

It  is  composed  of  oxygen,  nitrogen^  carbonic  acid,  watery 
vapor ^  and  some  accidental  impurities. 

The  principal  ingredients  are  oxygen  and  nitrogen,  and  these  are 
mixed  in  the  proportion  of  twenty-one  parts  by  volume  of  oxygen 
to  seventy-nine  parts  of  nitrogen. 

Carbonic  add  forms  but  a  small  portion  of  the  atmosphere,  but 
it  is  an  constant  and  very  important  element.      It  is  continually 

supplied  to  the  air  by  the  res- 
piration of  animals,  by  the 
combustion  of  coal  and  other 
fuel,  and  by  the  decay  of  ani- 
mal and  vegetable  substances. 
The  burning  of  a  single  ton 
of  coal  sends  into  the  atmos- 
phere more  than  three  tons  of 
this  gas. 

On  the  other  hand,  all 
growing  plants  absorb  it  and 
retain  the  carbon,  but  restore 
to  the  air  the  oxygen  which 
it  contains.  It  is  found  that 
the  supply  and  loss  ai*e  very 
nearly  balanced,  so  that  the 
proportion  of  carbonic  acid  in 
the  atmosphere  remains  nearly 
constant. 

It  amounts,  in  volume,  to 
about  one  part  in  twenty-five 
hundred  of  the  whole  atmos- 
Fig.  118.  phere. 


163.  Expansive  Force  of  Air.  —  Air  and  the  gases 
jilways  tend  to  assume  a  greater  volume. 

To  show  this  property,  take  a  bladder  or  rubber  bag,  fitted  with 
a  stop-cock,  as  shown  in  Fig.  113.  Press  out  nearly  all  the  air,  then 
doBe  the  stop-cock  and  place  the  bag  under  the  receiver  of  an  air- 
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pomp.     Then  pump  the  air  out  of  the  receiver,  and  the  elastic  force 
of  the  air  in  the  bag  will  cause  it  to  expand. 

In  the  same  way  it  may  be  shown  that  any  gas  is  expansible. 

164.  Weight  of  Air.  —  Air,  like  other  bodies,  has 
weight. 

To  show  this,  take  a  hollow  globe  of  glass, 
fitted  with  a  stop-cock,  as  shown  in  Fig.  114. 
Having  attached  it  to  one  scale-pan  of  a  delicate 
balance,  counterpoise  it  by  weights  placed  in  the 
other.  Then  by  means  of  the  air-pump  exhaust 
the  air  from  the  globe;  the  opposite  scale-pan 
will  descend,  and  some  weights  will  have  to  be 
added  to  the  first  scale-pan  to  restore  the  equilib- 
rium. The  weights  added  will  indicate  the  weight 
ef  the  exhausted  air. 

165.  Atmospheric  Pressure.  —  Since 
the  atmosphere  has  weight  it  exerts  a  pres-  '^" 

sure  on  all  bodies  upon  which  it  rests.     This  pressure  de- 
creases as  we  ascend  into  the  atmosphere. 

If  we  suppose  the  atmosphere  to  be  divided  into  layers  parallel 
to  the  surface  of  the  earth,  it  is  evident  that  each  layer  is  pressed 
down  by  the  weight  of  all  above  it.  Hence,  the  higher  layers  are 
less  ci^mpressed  than  those  below  them.  Being  less  compressed, 
they  expand,  or  become  rarefied.  The  existence  of  atmospheric 
pressure  may  be  shown  by  a  variety  of  experiments,  some  of  which 
will  be  explained  below. 

166.  Bursting  a  Membrane.  —  A  glass  cylinder  open  at 
both  ends,  has  its  upper  end  covered  by  a  piece  of  oiled  silk  or 
a  stretched  membrane,  such  as  is  used  by  gold-beaters,  and  its 
lower  end  is  ground  so  as  to  fit  the  plate  of  an  air-pump,  as  shown 
iu  Fig.  115. 

In  its  natural  ci^ndition,  the  membrane  is  pressed  down  by  the 
weight  of  the  atmosphere  above  it,  and  this  pressure  is  resisted  by 
the  tension  of  the  air  within  the  cylinder.  If  now  the  air  be  ex- 
hausted from  the  cylinder,  the  membrane  will  no  longer  be  pressed 
from  within,  and  will  finally  burst  with  a  loud  report. 
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The  bursting  of  the  membrane  shows  the  pressure  of  the  air. 
The  report  arises  from  the  sudden  rush  of  air  to  fill  up  the  ex- 
hausted cylinder. 

If  a  piece  of  thin  sheet  rubber  be  used  in  place  of  the  membrane, 
it  will  be  gradually  forced  inward  as  the  air  is  exhausted,  and  will 
be  stretched  in  proportion  to  the  degree  of  exhaustion. 


Rg.  115. 

167.   The  Magdeburg  Hemispheres.  —  This  apparattiSy 

named  from  the  city  where  it  was  invented,  consists  of  two  hollow 
hemispheres  of  brass,  which  are  ground  so  as  to  fit  e^ich  other  with 
an  air-tight  joint.  The  hemispheres  are  shown  in  Fig.  116.  One  of 
them  is  so  prepared  that  it  can  be  attached  to  an  air-pump,  and  is 
provided  with  a  stop-cock,  by  means  of  which  a  communication 
with  the  external  air  can  be  opened  or  closed  at  pleasure. 

The  two  hemispheres  being  placed  one  upon  the  other,  the  pres- 
sure of  the  external  air  is  exactly  counterbalanced  by  the  tension  of 
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that  within,  and  no  obstacle  prevents  them  from  being  drawn  apart. 

If,  however,  the  air  be  exhausted  from  within,  the  exteraal  pressure 

is  no  longer  counteracted  by  an  expansive  force 

from  within,  and  it  requires  a  considerable  eflfort 

to  effect  their  separation.     We  shall  see  hereafter 

that  the  hemispheres  are  pressed  together  by  a 

force  equal  to  fifteen  pounds,  multiplied  by  the 

number  of  square  inches  in  their  common  cross 

section. 

The  experiment  was  devised  by  Otto  von 
GUERICKE,  of  Magdeburg.  He  constructed  two 
hemispheres  more  than  two  feet  in  diameter,  and 
after  having  exhausted  the  air,  it  is  reported  that 
it  required  several  horses  to  draw  them  asunder. 

i68.  Upward  Pressure  of  the  Air. — 
Gases,  like  liquids,  transmit  pressure  in  all  ^*S-  1  ^^ 

directions ;  hence  the  pressure  of  the  air 
is  exerted  not  onl}-  downwards,  but  up- 
wards, and  in  all  other  directions.    This 
is  shown  by  the  experiment  with  the 
hemispheres,   which   are  held  together 
with  the  same 
force  in  what- 
ever    position 
they    may    be 
placed. 
The  following  experiments  illus- 
trate the  upward   pressure  of  the 
air:  — 

Fill  a  tumbler  (Fig.  117)  with  water, 
and  cover  it  with  a  piece  of  paper ;  then, 
holding  the  paper  in  contact  with  the 
water,  invert  the  tumbler.  On  removing 
the  hand,  if  the  experiment  be  carefully 
made,  the  water  will  remain  in  the  tum- 
bler, being  held  there  by  the  upward  ^^"  *^  * 
pressure  of  the  air.     The  covering  of  paper  serves  to  prevent  the 
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air  from  entering  so  as  to  allow  the  water  to  escape  at  the  same 
time. 

Fig.  118  represents  a  glass  cylinder,  -4, with  a  tightly  fitting  piston, 
B,  to  which  a  heavy  weight  is  attached.  Let  the  air  be  exhausted 
from  the  cylinder  by  an  air-pump  connected  with  C  by  a  rubber  tube, 
and  the  weight  will  be  lifted  by  the  upward  pressure  of  the  air. 

169.  Torricellian  Tube.  —  Measure  of  the  Atmos- 
pheric Pressure. — The  preceding  experiments  show  that 

the  atmosphere  exerts  a  force  of 
pressure ;  the  intensity  of  that 
force  may  be  measured  by  other 
means. 

ToRRiCELLi,  a  pupil  of  Gali- 
leo, showed,  in  1643,  that  this 
pressure  amounts  to  about  fifteen 
pounds  on  each  square  inch  of 
surface,  at  the  level  of  the  sea. 

In  order  to  repeat  Torricelli's 
experiment,  take  a  glass  tube  about 
three  feet  in  length,  closed  at  one 
end  and  open  at  the  other.  Turning 
the  closed  end  downwards,  let  it  be 
filled  with  mercury.  Then  holding 
the  finger  over  the  open  end,  let  it 
be  inverted  in  a  vessel  of  mercury, 
as  shown  in  Fig.  119.  On  removing 
the  finger,  the  mercury  sinks  in  the 
tube  until  the  column,  ^  ^,  is  about 
30  inches  high,  when  it  comes  to  a 
state  of  equilibrium. 

In  this  condition,  the  mercury  is 
sustained  by  the  pressure  of  the  air 
upon  the  surface  of  the  free  mercury 
in  the  vessel,  transmitted  according 
to  the  law  explained   in  Art.  119. 

At  the  level  of  the  sea,  the  height  of  the  column,  A  B,  is,  on  an 

average,  not  far  from  30  inches,  or  2J  feet. 


Fig.  119. 
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If  we  suppose  the  cross-section  of  the  tube  to  be  one  square  inch, 
the  atmospheric  pressure  upon  that  surface  must  be  sufficient  to 
balance  the  weight  of  30  cubic  inches  of  mercury.  Now  the  weight 
of  30  cubic  inches  of  mercury  is  a  little  less  than  15  pounds ;  hence, 
we  say  the  measure  of  the  atmospheric  pressure  is  15  pounds  on  each 
square  inch. 

A  pressure  of  fifteen  pounds  on  each  square  inch  is  often 
called  an  atmosphere^  and  this  becomes  a  unit  for  expressing 
the  pressures  of  gases  and  vapors.  Thus,  when  we  say,  in 
any  given  case,  that  the  pressure  of  steam  in  a  boiler  is  four 
atmospheres,  we  mean  that  it  exerts  a  pressure  of  sixty 
pounds  on  each  square  inch  of  surface. 

170.  Pascal's  Experiments. — As  soon  as  Torricelli's 
experiment  was  known  in  France,  Blaise  Pascal  undertook 
to  ascertain  by  experiment  whether  the  mercury  was  actually 
retained  in  the  tube  by  the  pressure  of  the  atmosphere,  or  by 
some  other  cause. 

He  caused  a  friend  to  repeat  Torricelli's  experiment  upon 
the  top  of  the  mountain  of  Puj'-de-Dome,  corrects  reasoning 
that,  if  the  height  of  the  mercurial  column  is  due  to  atmos- 
pheric pressure  alone,  it  ought  not  to  be  so  great  on  the 
mountain  top  as  at  the  level  of  the  sea.  The  result  of  the 
experiment  showed  that  the  height  of  the  column  was  less 
on  the  top  of  the  mountain  than  at  its  base. 

He  next  reasoned,  that  if  the  tube  were  filled  with  any 
liquid  less  dense  than  mercury,  the  height  of  the  column 
ought  to  be  proportionally  greater.  Consequently,  he  made 
at  Rouen,  in  1646,  the  following  experiment.  He  took  a 
tube,  similar  to  that  of  Torricelli,  but  nearly  fifty  feet  in 
length,  and  after  filling  it  with  wine,  inverted  it  in  a  vessel 
of  the  same  liquid. 

Pascal  observ^ed  that  the  column  fell  until  it  was  about 
thirt3^-five  feet  high,  when  it  came  to  rest.  In  this  case  the 
column  was  fourteen  times  as  high  as  when  mercury  was 
used,  and  as  mercury  is  fourteen  times  as  dense  as  wine,  he 


Digitized 


by  Google 


132 


PNEUMATICS. 


\y 


concluded  that  the  sole  cause  of  the  phenomenon  in  question 
was  the  pressure  of  the  atmosphere. 

171.   The  Barometer.  —  A  Barometer  is  an  instrument 
for  measuring  the  pressure  of  the  air.      If  to  Torricelli's 
tube  were  fitted  a  scale  for  measuring  the 
exact  altitude  of  the  mercurial  column,  it 
would  be  a  barometer. 

Several  forms  have  been  given  to  the 
barometer,  some  of  which  will  be  described 
in  the  following  articles. 

172.  The  Cistern  Barometer. — Fig. 
120  represents  a  Cistern  Barometer,  such 
as  is  in  common  use  in  France  and  in  this 
countrj'. 

It  cousists  of  a  glass  tube,  a  t,  about  34  inches 
long,  closed  at  the  top  and  open  at  the  bottom. 
This  tube  has  a  diameter  of  about  four  tenths  of 
an  inch.  It  is  filled  with  mercury  and  inverted 
in  a  cistern,  A,  which  is  partialiy  filled  with  the 
same  liquid,  as  explained  in  Art.  165.  The  mer- 
cury settles  in  the  tube  till  the  height  of  the  column 
is  about  30  inches  at  the  level  of  the  sea. 

The  cistern,  -4,  is  3  or  4  inches  in  diameter, 
and  it  is  so  adapted  to  the  tube  a  t,  as  to  permit 
the  air  to  penetrate  to  the  cistern  at  the  joint  t. 
Only  a  part  of  the  cistern  is  seen  in  the  figure, 
the  remainder  being  let  into  the  fi^me  which 
supports  the  whole  instrument.  At  the  top  of 
the  frame  is  a  scale,  c,  having  its  0  point  at  the 
level  of  the  mercury  in  the  cistern;  or,  on  the 
opposite  side,  is  a  scale  on  which  are  marked 
certain  weather  indications. 

A  curved  piece  of  metal  embraces  the  tube 
and  carries  an  index,  which,  as  the  piece  is  raised 
or  depressed  to  correspond  to  the  top  of  the  column,  points  out  upon 
the  scale,  c,  the  height  of  the  column.  Two  thennometers,  one  of 
mercury  and  one  of  alcoh(»l,  are  also  attached  to  the  frame,  which 
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serve  to  show  the  temperature  of  the  instrument  and  of  the  mercury 
which  it  contains. 

The  0  point,  or  beginning  of  the  scale,  is  at  the  surface  of  the 
mercury  in  the  cistern.  When  the  pressure  of  the  air  increases,  a 
portion  of  the  mercury  in  the  cistern  is  forced  up 
into  the  tube,  and  the  0  point  descends;  when 
the  pressure  diminishes,  the  reverse  takes  place. 
Hut  inasmuch  as  the  surface  of  the  mercury  in 
the  cistern  is  very  great  in  comparison  with  that 
in  the  tube,  this  rise  and  fall  is,  for  most  purposes, 
quite  unimportant.  When  great  accuracy  is  re- 
quired, the  bottom  of  the  cistern  is  made  of  leather, 
and  can,  by  means  of  a  screw,  be  raised  or  de- 
pressed until  the  surface  of  the  mercury  in  the 
cistern  just  grazes  the  point  of  an  ivory  pin  pro- 
jecting from  the  top  of  the  cistern.  This  im- 
provement, devised  by  Fortin,  is  now  in  general 
use. 

To  determine  the  height  of  the  barometer,  the 
0  point  is  first  adjusted,  then  the  curved  piece  is 
slid  up  or  down  till  it  coincides  with  the  surface 
of  the  mercury  in  the  tube,  and  the  height  is  then 
read  off  on  the  scale  c.  The  height  of  the  ther- 
mometer should  also  be  noted. 

In  the  instrument  described,  the  scale  c  does 
not  extend  throughout  the  whole  length  of  the 
instrument,  because,  in  ordinary  cases,  only  a 
small  part  of  the  scale  is  needed.  When  a  barom- 
eter is  to  be  used  in  high  altitudes,  the  scale  is  con- 
tinued downwards  as  far  as  necessary. 


X73,  The  Siphon  Barometer.  —  Fig. 
121  represents  a  Siphon  Barometer.  It 
consists  of  a  cur^'ed  tube,  a  6,  having  two 
unequal  branches,  the  shorter  one  acting  as 
ft  cistern.     In  the  longer  branch,  there  is 


Fig.  121. 
vacuum  above 

the  mercury,  but  the  sliorter  one  is  supplied  witli  air,  which 
communicates  with  the  external  atmosphere  through  a  small 
opening,  t.     Tliere  are  two  scales,  one  at  the  upper  part  of 
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each  branch,  and  in  front  of  each  is  a  movable  index,  which 
may  be  raised  or  depressed  until  it  comes  to  the  free  surface 
of  the  mercury  in  each  branch.  By  means  of  these  scales 
the  difference  of  level  in  the  two  branches  may  be  measured. 
This  difference  is  the  height  of  the  barometric  column. 

To  prevent  violent  oscillations  when  the 
instrument  is  moved  from  place  to  place,  the 
two  branches  communicate  through 
a  fine,  almost  capillary  tube.  This 
arrangement  also  prevents  the  pos- 
sibihty  of  a  bubble  of  air  penetrating 
from  the  shorter  to  the  longer  branch, 
when  the  instrument  is  inclined. 

174.  The  Wheel  Barom- 
eter.—  This  is  a  form  of  the 
Siphon  Barometer  in  which  the 
rise  and  fall  of  the  mercuiy  are 
shown  b}'  the  movements  of  an 
index  around  a  graduated  circle. 
The  manner  in  which  it  acts  is 
shown  in  Fig.  122. 

The  index  is  attached  to  an  axis 
which  bears  a  pulley.  Passing  over  ' 
this  pulley  is  a  fine  wire,  at  one  end 
of  which  is  attached  an  iron  weight, 
a,  which  rises  when  the  height  of 
the  mercury  dinjinishes,  and  falls 
when  this  height  increases.  At  the 
second  extremity  is  a  counterpoise,  &,  which 
keeps  the  wire  tense,  and  causes  the  wheel  to 
turn  as  the  weights  rise  and  fall. 

Fig.   123   shows   its  external  appearance 
attached. 

It  will  be  seen  that  a  slight  change  in  the  level  of  the  mercury 
in  the  tube  will  produce  a  considerable  movement  of  the  index. 

Notwithstanding  this  advantage,  this  form  of  barometer  is  of  little 
value  when  accurate  observation  is  required.     The  iron  weight,  a, 


Fig.  122. 


Fig.  123. 
with  a  thermometer 
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is  somewhat  liea\rier  than  the  counterpoise^  hj  and  thus  there  is  a 
slight  force  in  addition  to  the  pressure  of  the  air,  which  acts  to  sus- 
tain the  column  of  mercury.  Again,  when  the  mercury  in  the  shorter 
branch  tends  to  rise,  it  must  overcome  the  excess  of  weight  in  a,  and 
consequently  very  minute  changes  of  pressure  are  not  recorded  by 
this  instrument. 

175.  The  Aneroid  Barometer.  —  The  action  of  this 
curious  instrument  depends  upon  the  effect  produced  by 
atmospheric  pressure  upon  a  metallic  box  from  which  the  air 
has  been  partiall}'  exhausted.  Its 
appearance  and  construction  are 
shown  in  Fig.  124. 

An  increased  atmospheric  pres- 
sure tends  to  force  the  cover  in- 
ward ;  but  when  the  atmospheric 
pressure  diminishes  it  is  pressed 
outward  by  its  own  elastic  force, 
aided  by  a  spring  in  the  interior. 
The  movements  of  the  cover,  trans- 
mitted by  a  combination  of  delicate 
levers,  cause  an  index  to  move  over 
a  graduated  scale.  Fig.  124. 

Being  very  easily  portable,  this  form  of  barometer  has  lately  come 
into  extensive  use,  especially  for  measuring  the  heights  of  mountains. 

Instruments  of  this  kind  are  now  made  that  may  be  carried  in  the 
pocket  like  a  watch,  and  they  are  so  sensitive  to  slight  changes  of 
pressure  that  they  will  indicate  a  change  of  level  of  not  more  than 
three  or  four  feet. 

176.  Causes  of  Barometric  Fluctuations.  —  Since  the 

mercurj-  in  the  barometer  is  sustained  by  the  weight  of  the 

column  of  air  above  it,  changes  in  the  weight  of  this  column 

of  air  will  produce  changes  in  the  height  of  the  mercurial 

column.     Such  changes  are  constantl}^  going  on,  and  conse- 

quentl}'  the  barometer  is  continually  fluctuating.* 

*  The  atmosphere  surrounds  the  earth  like  an  immense  ocean,  nearly 
fifty  miles  in  depth.  It  is  never  at  rest,  but  has  its  great  currents  and 
tides ;  and,  like  the  ocean  of  water  beneath,  it  is  agitated  by  storms,  and 
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Certain  very  slight  changes  occur  regularly ;  thus,  there  is  a  daily 
variation  by  which  the  mercury  stands  highest  at  ten  o'clock  morn- 
ing and  evening,  and  lowest  at  four  o'clock  afternoon  and  morning. 
These  changes  are  greatest  at  the  equator,  where  the  variation  is 
about  one  tenth  of  an  inch.  In  latitude  40°  it  is  0.05  inch,  and  in 
lat.  70**  only  0.003  inch. 

There  is  also  an  annual  inequality  dependent  on  the  seasons.  In 
this  country  it  is  scarcely  perceptible,  but  in  China,  and  throughout 
a  large  part  of  Asia,  the  average  height  of  the  mercury  is  three 
fourths  of  an  inch  greater  in  January  than  in  July. 

The  greater  changes  in  the  weight  of  the  atmosphere  are 
not  periodical,  but  depend  upon  changes  of  temperature. 
When  the  temperature  at  any  place  is  elevated,  the  air  ex- 
pands and  rises  until  its  lateral  tension  is  greater  than  that 
of  the  surrounding  air,  when  it  flows  away  to  the  neighboring 
regions.  When,  on  the  contrary,  the  temperature  is  dimin- 
ished, the  air  contracts  and  an  additional  quantitj'  flows  in 
from  the  neighboring  regions. 

The  barometer,  then,  falls  where  there  is  a  dilatation,  and 
rises  where  there  is  a  contraction  of  the  air. 

177.  The  Barometer  as  a  Weather-Indicator. — The 
barometer  is  often  called  a  weather-glass,  and  the  scale  of 
the  instrument  is  sometimes  inscribed  with  words  intended  to 
indicate  the  weather  that  ma}^  be  expected  when  the  top  of 
the  column  stands  opposite  them.  This,  however,  convej's 
an  incorrect  notion,  for  a  change  in  weather  is  not  indicated 
by  the  absolute  height  of  the  mercury  at  an}'  given  time. 

Moreover,  there  are  other  conditions  besides  the  weight  of 
the  atmosphere,  which  are  quite  as  important  as  this,  for  the 
prediction  of  the  weather.  The  temperature,  the  amount 
of  moisture  in  the  atmosphere,  and  the  force  and  direction 
of  the  wind,  are  all  to  be  considered  as  elements  of  the 
problem. 

It  is  true,  however,  that  changes  in  the  heat,  the  moisture, 

moves  in  immense  waves.  When  the  crest  of  one  of  these  waves  is  orer 
The  barometer  the  mercury  rises,  and  it  falls  again  as  the  depression 
follows  the  crest  of  the  waves. 
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or  the  movements  of  the  air,  are  almost  always  accompanied, 
or  immediately  followed,  by  changes  in  the  height  of  the 
barometer.  Hence  the  changes  in  the  height  of  the  mercurial 
column  may,  to  a  certain  extent,  be  relied  on  for  predicting 
the  weather.     The  following  rules  are  generally  reliable :  — 

1.  The  rising  of  the  mercury  indicates  the  approach  of  fair  weather ; 
the  falling  of  the  mercury  shows  the  approach  of  foul  weather. 

2.  A  great  and  sudden  fall  of  the  mercury  precedes  a  violent  storm 
of  short  duration. 

3.  If,  during  fair  weather,  the  mercury  falls  continually  for  several 
days,  a  long  succession  of  foul  weather  will  probably  follow ;  and, 
again,  if  during  foul  weather  which  continues  for  a  long  time,  the 
mercury  gradually  rises,  feir  weather  may  be  expected  to  follow  and 
continue  for  several  days. 

4.  A  fluctuating  and  unsettled  state  in  the  mercurial  column  indi- 
cates unsettled  weather. 

178.  Measure  of  Mountain  Heights.  —  One  of  the 
most  important  applications  of  the  barometer  is  to  the  meas^ 
urement  of  the  height  of  any  place  above  the  level  of  the  sea. 

As  we  ascend  above  the  level  of  the  sea,  the"  pressure  of  the  air 
diminishes,  and  the  barometer  falls.  Formulas  have  been  deduced, 
by  means  of  which  the  difference  of  level  between  any  two  places 
can  be  found,  when  we  have  the  heights  of  the  mercurial  columns  at 
the  two  places,  together  with  the  temperatures  of  the  air  and  mercury 
at  these  places.* 

*  The  exact  rule  for  finding  the  height  of  a  mountain  by  this  method 
is  rather  complicated.  Allowance  must  be  made  for  temperature  and 
for  the  latitude  of  each  station ;  and  other  minor  corrections  are  to  be 
made.  The  following  rule  is  given  by  Todhunter  as  nearly  accurate  for 
heights  of  not  more  than  3000  feet :  — 

Observe  the  height  of  the  barometer  at  the  bottom  and  at  the  top  of  the  moun- 
tain ;  divide  the  difference  of  the  heights  by  their  sum,  and  multiply  the  result  by 
52,428;  this  unll  give  the  height  of  the  mountain  in  feet. 

The  above  rule  assumes  that  the  temperature  at  each  station  is  32° 
Fahrenheit.  The  result  is  made  more  accurate  by  adding  a  thousandth 
part  for  every  degree  in  the  sum  of  the  temperatures  above  64°.  Thus, 
if  the  temperature  at  the  lower  station  is  60°,  and  at  the  higher  45°,  the 
sum  is  105°,  which  exceeds  64°  by  41°.  Therefore  the  result  obtained 
by  the  rule  should  be  increased  by  the  yfou  part  of  itself. 
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The  following  table  shows  the  height  of  the  barometer  at 
different  altitudes  where  observations  have  been  made :  — 


Height 

above 

Sea-level. 

Mean 
Height  of 
Barometer. 

Level  of  the  Ocean 

Summit  of  Vesuvius 

Summit  of  Mt.  Washington,  N.  H.    .    . 
City  of  Quito,  South  America  .... 

Summit  of  Mont  Blanc 

On  the  Chimborazo 

Highest  Ascent  in  a  Balloon  (Glaisher) 

Feet. 
0 

3,937 

6,288 

9,541 

16,748 

20,014 

87,000 

Iivches. 
30.00 
25.98 

21.02 

16.69 

14.17 

7.00 

179.  Pressure  on  the  Human  Body.  —  The  pressure 

on  eaoh  square  inch  of  the 
body  is  fifteen  pounds ;  hence, 
on  the  whole  body  the  pres- 
sure is  enormous.  If  we  take 
the  surface  of  the  human  body 
equal  to  2000  square  inches, 
which  is  not  far  from  the 
average  in  the  case  of  an 
adult,  the  pressure  amounts 
to  30,000  pounds,  or  fifteen 
tons. 

If  it  be  asked  why  the  body 
is  not  crushed  by  this  enor- 
mous pressure,  the  answer  is, 
because  it  is  uniformly  dis- 
ti'ibuted  over  the  whole  sur- 
face, and  is  resisted  by  the 
elastic  force  of  air,  and  other 
.  gases,  distributed  through  the 
tissues  of  the  bod}'. 

The  following  experiment  will 
Fig.  125.  show  that  the  tissues  of  the  human 
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body  contain  air  and  gases,  whose  elasticity  resists  the  atmospheric 
pressure.  Let  the  hand  be  pressed  closely  upon  the  mouth  of  a 
glass  cylinder,  whose  interior  communicates  with  the  air-pump,  as 
shown  in  Fig.  125.  No  inconvenience  will  be  felt.  But  if  the  air 
be  exhausted  from  the  cylinder,  the  flesh  of  the  hand  will  be  forced 
into  the  cylinder  by  the  pressure  from  without,  which  is  no  longer 
resisted  by  the  pressure  of  the  air.  The  hand  swells,  and  the  blood 
tends  to  flow  out  through  the  pores. 

The  question  may  be  asked,  why,  when  the  hand  is  placed  upon 
a  body,  it  is  not  retained  there  by  the  pressure  of  the  atmosphere. 
The  answer  is,  there  is  a  thin  layer  of  air  between  the  hand  and  the 
body,  which  exactly  counterbalances  the  efiect  of  the  external  pres- 
sure. Were  the  ah*  perfectly  excluded  from  between  the  hand  and 
the  body,  there  would  be  a  strong  tendency  to  adherence  between 
them. 

The  operation  of  cupping,  in  medicine,  depends  upon  the  princi- 
ple just  explained. 

Summary.  — 

Properties  of  Gases  and  Vapors, 

Tension. 

Reduction  to  Liquids. 
The  Atmosphere. 

Physical  Properties. 

Chemical  Composition. 

Expansive  Force. 
Experiment. 

Weight. 

Experiment. 
Atmospheric  Pressure, 

Experiments. 

Magdeburg  Hemispheres. 

Upward  Pressure. 
Experiments. 

Torricellian  Tube. 

Pascal^s  Experiments. 
The  Barometer. 

The  Cistern  Barometer. 

The  Siphon  Barometer. 
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The  Barometer  (contirmed). 

The  Wheel  Barometer. 

The  Aneroid  Barometer. 

Cause  of  Barometric  Fluctuations. 

Barometer  as  a  Weather  Indicator. 

Measure  of  Mountain  Heights. 
Pressure  of  the  Atmosphere  on  tlie  Human  Body, 
Experiment. 


SECTION    II.  —  MEASURE   OF   THE   ELASTIC   FORCE   OP   GASES. 

i8o.  Mariotte's  La^v.  — When  a  given  mass  of  any  gas 
or  vapor  is  compressed,  so  as  to  occupj^  a  smaller  space,  its 
elastic  force  is  increased ;  on  the  contrarj-,  when  the  volume 
is  increased,  its  elastic  force  is  diminished. 

The  law  of  increase  and  diminution  of  elastic  force  was 
first  made  known  by  Mariotte  ;  hence  it  was  called  by  his 
name.     Mariotte's  Law  may  be  enunciated  as  follows  :  — 

The  elastic  force  of  any  given  amount  of  gas^  whose  tempera* 
ture  remains  the  same,  varies  inversely  as  its  volume. 

As  a  consequence  of  this  law  it  follows  that, 

Jf  the  temperature  remains  constant,  the  elastic  force  varies 
as  the  density, 

i8i.  Mariotte's  Tube.—  Mariotte's  Law  may  be  verified 
by  means  of  an  apparatus,  shown  in  Figs.  126  and  127,  called 
Mariotte* s  Tube,  This  tube  is  of  glass,  bent  into  the  shape  of 
a  letter  J.  The  short  branch  is  closed,  and  the  long  one 
open  at  the  top.  The  tube  is  attached  to  a  wooden  frame, 
provided  with  suitable  scales  for  measuring  the  heights  of 
mercury  and  air  in  the  two  branches. 

The  instrument  having  been  placed  vertical,  a  sufficient  quantity 
of  mercury  is  poured  into  the  long  branch  to  cut  oflf  communication 
between  the  two  branches,  as  shown  in  Fig.  121.  The  level  of  the 
mercury  in  the  two  branches  is  the  same,  and  this  level  is  at  the  0 
point  of  the  two  scales.     The  air  in  the  short  branch  is  of  the  same 
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density,  and  has  the  same  tension,  as  that  of  the  ezteraal  atmos- 
phere. 

If  an   additional  cjuantity  of  inorciiry  be  poured  into  the  longer 
branch  of  the  tube,  it  will  press  upon  the  aii*  in  the  shorter  braneh; 


L 


u 


Fig.  I2(j. 


Fig.  127, 


and  compress  it.  If  the  difference  of  level  in  the  two  branches  be 
made  equal  to  the  height  of  the  barometrical  column,  as  shown  in 
Fig.  127  (where  the  difference  is  7Q  centimeters,  or  29.92  inches),  the 
air  will  be  compressed  into  B  C,  one  half  of  its  original  bulk. 
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SECTION   III.  —  PUMPS  AND  OTHER  MACHINES. 

182.  The  Air-Pump.  —  This  machine  was  invented  b}- 
Otto  von  Guericke  in  1650. 

Many  improvements  have  since  been  made  in  its  construc- 
tion, but  the  essential  parts  remain  the  same  as  in  the  original 
invention. 

Fig.  128  represents  the  essential  parts  of  one  of  the  best  modem 
forms.  It  consists  of  a  glass  or  metal  cylinder  called  the  barrel,  in 
which  a  piston  works.  The  piston  has  an  opening  through  it  which 
is  closed  by  a  valve,  S^  opening  upwards. 


Fig.  128. 

The  barrel  is  connected  by  a  tube  with  the  centre  of  a  brass  plate, 
to  which  the  receiver,  E,  is  carefully  fitted  so  as  to  be  air-tight. 
The  entrance  to  this  tube  is  fitted  with  a  conical  valve,  S',  at  the 
end  of  a  metal  rod  which  passes  through  the  piston  head,  and  works 
in  it  tightly,  so  as  to  be  carried  up  and  down  with  the  motion  of  the 
jiiston.  This  rod  is  so  arranged  by  a  catch  at  the  top  that  it  can 
lift  the  valve  but  slightly  above  the  opening. 

The  following  is  its  mode  of  operation  :  — 

Suppose  the  piston  to  be  at  the  bottom  of  the  cylinder.  Then, 
when  it  is  raised,  the  valve,  S',  is  opened,  and  the  air  firom  the  re- 
ceiver, Ey  rushes  into  the  cylinder.      When  the  piston  is  lowered 
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again,  the  valve,  S',  closes;  the  air  which  has  entered  the  cylinder 
cannot  return  into  the  receiver,  and,  on  being  compressed,  raises  the 
valve,  *Sf,  in  the  piston  and  escapes  into  the  air  outside. 

On  raising  the  piston  again,  another  portion  of  air  will  pass  from 
the  receiver  into  the  cylinder,  and  this  will  be  removed,  as  before, 
when  the  piston  is  lowered  again. 


Fig.  129. 

If  this  motion  is  continued,  a  portion  of  the  air  in  the  receiver  will 
be  removed  at  each  successive  stroke ;  and,  finally,  nearly  all  the  air 
may  be  exhausted  from  the  receiver. 

The  vacuum  produced  in  this  way  can  never  be  perfect,  however, 
for  the  process  of  exhaustion  can  continue  only  so  long  as  the  air 
remaining  in  the  receiver  has  elastic  force  enough  to  expand  and 
flow  through  the  pipe  to  fill  the  cylinder,  when  the  piston  is  raised. 

Fig.  129  represents  one  of  the  best  of  the  simple  forms  of  the 
instrument,  as  made  by  E.  S.  Ritchie,  of  Boston. 
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183.  The  Mercurial  Gauge.  —  In  order  to  measure  tiie 
degi-ee  of  rarefaction  produced,  a  glass  cylinder,  -F  (Fig.  128), 
is  connected  with  the  pipe  leading  from  the  receiver.  In 
this  cylinder  is  a  glass  tube  bent  into  the  form  of  the  letter 
U ,  one  branch  being  closed  at  the  top,  and  the  other  open. 
The  tube  has  its  closed  branch  filled  with  mercury,  and  is 
called  a  siphon  gauge. 

The  mercur} ,  under  ordinary  circumstances,  is  kept  in  the 
closed  branch  by  the  atmospheric  pressure,  but  as  the  air 
becomes  rarefied  in  the  receiver,  the  tension  of  the  air  be- 
comes less  and  less,  and  finally  the  mercury  falls  in  the  closed 
branch  and  rises  in  the  open  one.  The  difference  of  level 
between  the  mercuiy  in  th^  two  branches  is  due  to  the 
tension  of  the  rarefied  air,  and  if  this  difference  is  determined 
by  means  of  a  proper  scale  attached  to  the  gauge,  the  tension 
can  be  found.  Thus,  if  the  difference  of  level  is  reduced  to 
one  inch,  the  tension  of  the  air  in  the  receiver  will  be  only 
one-thirtieth  part  of  the  tension  of  the  external  atmosphere. 

The  siphon  gauge  is  sometimes  connected  with  the  receiver  in 
a  different  way ;  as  seen  in  Fig.  113  and  125.  It  is  only  neces- 
sary that  it  should  be  so  placed  that  the  air  will  be  exhausted 
from  it  at  the  same  time,  and  to  the  same  degree  as  from  the 
receiver. 

184.  SprengePs  Air-Pump.  —  Various  methods  have 
been  employed  for  obtaining  a  more  complete  vacuum  than 
can  be  produced  by  the  ordinary  air-pump.  One  of  the  most 
effective  instruments  for  this  purpose  is  SprengeVs  Air-Pump^ 
represented  in  Fig.  130. 

To  the  funnel,  -4,  is  attached  a  glass  tube,  longer  than  a  barom- 
eter tube.  Its  lower  end  enters  ihe  glass  vessel,  B,  and  reaches 
nearly  to  the  bottom.  The  upper  part  of  the  tube  branches  off  at  x, 
and  is  connected  with  the  receiver  that  is  to  be  exhausted. 

Mercury  is  poured  into  the  funnel,  A,  and  as  it  flows  down  the 
tube,  air  from  the  receiver  enters  at  x,  and  is  carried  along  with  it. 
The  tube  below  is  then  seen  to  be  filled  with  cylinders  of  mercury 
separated  by  cylinders  of  air,  all  moving  downwards. 
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The  mercury  in  the  bottom  of  the  vessel,  B^  prevents  the 
air  from  passing  back  into  the  tube,  and  it  escapes  while  the 
mercuiy  flows  into  the  vessel,  //. 

As  the  process  goes 
on,  the  cylinders  aie 
seen  to  be  separated 
by  smaller  and  smaller 
spaces  of  air,  till  it  ap- 
parently passes  down 
as  a  solid  column,  no 
air  spaces  appearing. 
This  indicates  the  com- 
pletion of  the  process. 

The  only  labor  re- 
quired is  that  of  lifting 
and  pouring  the  mer- 
cury back  into  the  fun- 
nel after  it  flows  out. 

The  operation  b  very 
slow,  but  it  produces  a 
vacuum  so  nearly  perfect 
that  less  thanone-inillionth 
part  of  the  original  quan- 
tity of  air  remains  in  the 
receiver. 

By  employing  tubes  of 
sufficient  length  water  can 
be  used  instead  of  mer- 
cury. 


The  Jilier-p f imps ^  now 


Fig.  130. 

much  used  in  chemical  laboratories,  are  constructed  on  the 
same  principle. 


185.  Experiments  with  the  Air-Pump.  —  Several  ex- 
))eriments  requiring  the  use  of  the  air-pump  have  alread}'  been 
described.     Most  of  these  serve  to  show  the  pressure  of  the 

d  by  Google 


Digitized  b 


146 


PNEUMATICS, 


atmosphere.  Fig.  131  shows  the  elastic  force  of  a  confined 
body  of  air. 

Two  bottles,  A  and  B,  are  connected  by  a  tube  which  is  fitted  air- 
tight into  Ay  but  loosely  into  B.  The  tube 
extends  nearly  to  the  bottom  of  -4,  which  is 
partly  filled  with  water.  When  both  are 
placed  under  the  receiver,  and  the  air  ex- 
hausted, the  elastic  force  of  the  air  in  A 
causes  it  to  expand  and  drive  the  water  over 
into  B. 
*ig.  131.  jf  ^  lighted  candle  be  placed  under  a 

receiver,  and  the  air  exhausted,  the  candle  will  go  out  and  the  smoke 

will  sink,  showing  that  it  is  heavier  than  the  rarefied  air  of  the 

receiver. 

If  an  animal  or  bird  be  placed 

under  the  receiver,  and  the  air 

exhausted,  it  will  struggle  and 

soon  die.      This  experiment  is 

shown  in  Fig.  132. 

i86.  Practical  Uses  of 
the  Air-Pump.  —  The  most 
impoilant  practical  applica- 
tion of  the  air-pump  is  in 
diminishing  the  pressure  of 
the  atmosphere  to  facilitate 
evaporation  of  liquids. 

In  order  to  concentrate  th*e 
syrup  of  sugar  without  employ- 
ing a  high  degree  of  heat,  it  is 
placed  in  closed  vessels  called 
vacuum  pans,  and  the  air  and 
the  steam  that  rise  are  removed 
by  powerful  air-pumps  driven  by  ^fif-  ^^• 

steam-power.  By  this  method  the  watery  vapor  is  rapidly  carried 
off,  and  the  syrup  brought  to  the  proper  degree  of  concentration 
without  employing  a  degree  of  heat  that  would  bum  or  discolw: 
the  syrup. 
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The  same  process  is  employed  in  making  or  concentrating  a  great 
variety  of  syrups  and  extracts  that  are  used  in  medicine. 

The  aii'-pump  has  also  been  emplojed  for  exhausting  long 
tubes  that  are  used  for  transmitting  letters,  messages,  and 
various  small  packages.     These  are  called  Pneumatic  lubes. 

In  London,  where  these  tubes  are  extensively  used,  they  are 
made  of  lead  enclosed  in  tubes  of  iron.  They  are  made  smooth 
on  the  inside,  and  fitted  with 
pistons  consisting  of  cylinders 
of  gutta-percha,  in  which  the 
articles  to  be  transmitted  are 
placed.  The  air  is  then  ex- 
hausted, and  the  pressure  of  the 
atmosphere  drives  the  piston 
through  the  whole  length  of 
the  tube.  The  tubes  used  for 
this  purpose  are  about  2i  inches 
in  diameter ;  and  some  of  them 
are  more  than  two  miles  in 
length. 

187.  The  Condenser. — 
This  machine  is  simply  an 
air-pump  with  the  valves  re- 
versed. It  is  used  for  com- 
pressing air  and  forcing  it 
into  a  small  space.  Fig.  133 
shows  the  construction  of  one 
of  the  common  forms.  At 
the  bottom  of  the  pump-bar- 
rel there  is  a  valve,  5,  which 
opens  downward ;  at  «,  in  a 
lateral  tube,  is  an  admission  valve  which  opens  inward.  B  is 
a  strong  copper  vessel,  which  is  screwed  upon  the  lower  part 
of  the  pump-barrel. 

When  the  piston  is  forced  downward  the  air  enters  the  receiver 
through  the  valve,  6,  which  prevents  its  return.  At  the  upward 
stroke  the  ait  enters  the  cylinder,  through  a.     As  the  movement 
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goes  on,  successive  portions  of  air  are  drawn  througli  a,  and  forced 
through  the  valve,  6,  into  the  receiver.  If  another  closed  vessel,  at 
C,  be  connected  with  the  lateral  tube  at  a,  it  will  be  exhausted  of  air 
by  the  same  process.  Hence  this  instrument  may  be  used  to  transfer 
gases  from  one  vessel  to  another. 

i88.  Applications  of  Condensed  Air. — In  the  improved 
method  of  transmitting  messages  by  pneumatic  tubes,  con- 
densei-s  as  well  as  air-pumps  are  used ;  the  air  being  forced 
into  the  tubes  behind  the  pistons  at  the  same  time  that  it  is 
exhausted  in  front. 

In  laying  the  foundations  of  bridges,  and  in  various  sub- 
marine operations,  air  is  forced  into  large  tubes,  open  at  the 
bottom,  which  are  sunk  in  the  water  where  work  is  to  be 
done.  These  tubes  are  so  arranged  that  men  can  enter  them 
and  work  at  the  bottom  while  the  water  is  kept  out  by  the 
pressure  of  condensed  air. 

It  is  possible  for  men  to  remain  for  a  considerable  time,  without 
injury,  in  an  atmosphere  of  three  or  four  times  the  orclinary  density  j 
the  only  inconvenience  being  a  painful  sense  of  oppression  in  tlie 
ears.  This  feeling  takes  place  only  at  the  beginning  and  end  of  the 
operations,  disappearing  when  an  equilibrium  is  established  between 
the  tension  of  the  air  in  the  internal  ear  and  that  without. 

189.  Application  to  Tunnelling  and  Mining.  —  One 
of  the  most  important  uses  of  compressed  air  has  been  in  the 
boring  of  tunnels  through  mountains  of  solid  rock. 

The  excavation  of  the  Mont  Cenis  Tunnel  in  the  Alps,  and 
of  the  Hoosac  Tunnel  in  Massachusetts,  was  accomplished 
by  means  of  machines  driven  by  compressed  air. 

At  the  Hoosac  Tunnel,  the  water-power  of  the  Deerfield 
River,  which  flows  near  the  eastern  entrance,  was  used  to 
operate  several  powerful  compression-pumps,  which  forced 
the  condensed  air  through  an  iron  pipe  to  the  point  of  work- 
ing in  the  tunnel. 

Here  it  was  made  to  drive  a  number  of  drilling-machines, 
by  which  the  rock  was  perforated.     The  machines  consisted 
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essentially  of  cylinders  fitted  with  pistons,  to  which  the  drills 
were  attached.  Eight  or  ten  of  these  machines  were  fastened 
to  a  heavy  h-on  framework  resting  on  wheels,  by  which  it 
could  l)e  moved  forward  and  back,  on  rails  laid  for  the  pur- 
pose (Fig.  134). 

When  iu  use,  this  framework  was  brought  up  and  fiimly  fastened 
near  the  *'  heading  "  to  be  operated  on.     The  drilling- machines  were 


Fig.  186. 

then  fixed  in  the  proper  position  on  the  framework,  and  the  com- 
pressed air  from  the  iron  pipe  was  conducted  to  the  several  machines 
by  smaller  flexible  tubes.  Here  it  was  admitted  to  the  cylinders, 
alternately  before  and  behind  the  pistons  which  carried  the  drills, 
driving  them  with  great  force  and  rapidity  against  the  rock. 

Fig.  135  represents  the  iron  framework,  or  carriage,  with  four 
drills  attached.  The  flexible  tubes  shown  in  the  figure  carry  the 
air  to  the  machines  from  the  iron  pipe  laid  along  the  bottom  of  the 
tunnel. 
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Fig.  136  represents  a  fonn  of  the  drilling-inachiae  which  is  dow 
extensively  used  in  mining  operations.  It  is  mounted  upon  a  column, 
on  which  it  may  be  raised  or  lowered  by  means  of  the  screw-thread 
cut  upon  its  surface.  It  is  also  arranged  so  that  the  drill  may  be 
driven  in  any  direction  required. 


Fig.  ]3ft. 

190,  Advantages  in  the  Use  of  Compressed  Air.  — 
For  work  in  tunnels,  (\e<^\\  riiitie^.  nnrl  ot!u  i'  nnifintd  spaces, 
there  are  several  advantages  in  the  use  of  compressed  air :  — 

1 .  The  power  may  be  transmitted  through  a  great  distance 
with  very  slight  loss. 

At  the  Hoosac  Tunnel,  when  the  work  was  done  at  a  distance  of 
nearly  three  miles  from  the  compressors,  the  loss  of  power  was  less 
than  four  per  cent  of  the  whole. 

2.  The  air,  after  doing  its  work  in  the  machines,  escapes 
and  serves  as  a  fresh  supply  of  pure  air,  and  drives  out  the 
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smoke  and  the  noxious  gases  which  would  otherwise  accumu- 
late from  the  blasting,  the  burning  of  lamps,  and  the  breath- 
ing of  the  workmen. 

3.  In  deep  mines,  where  the  heat  is  often  oppressive,  the 
expansion  of  the  air,  as  it  escapes,  lowers  the  temperature. 


Fig.  137. 

igi.  Artificial  Fountains.  —  Water  may  be  forced  up- 
ward, in  the  form  of  a  jet,  b}'  the  tension  of  compressed  air. 
Hero's  Fountain,  one  form  of  which  is  shown  in  Fig.  137,  is 
operated  in  this  way. 
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It  consists  of  two  globes  of  glass,  connected  by  two  metallic 
tubes.  The  upper  globe  is  surmounted  b}'  a  brass  basin, 
connected  with  the  globe  b}^  tubes,  as  shown  in  the  figure. 

To  use  the  instrument,  the  tube  which  forms  the  jet  is  withdrawn, 
and  through  the  opening  thus  made,  the  upper  globe  is  nearly  filled 
with  water,  the  ^ower  one  containing  air  only.  The  jet  tube  is  then 
replaced,  and  some  water  is  poured  into  the  basin. 

The  water  in  the  basin,  acting  by  its  weight,  Hows  into  the  lower 
globe,  through  the  tube  shown  on  the  left  of  the  figure,  as  indicated 
by  the  arrow-head.  This  flow  of  water  into  the  lower  globe  forces 
out  a  part  of  the  air  in  it,  which,  ascending  by  the  tube  shown  on 
the  right  of  the  figure,  accumulates  in  the  upper  globe.  The  pres- 
sure of  the  air  in  the  upper  globe,  acting  upon  the  water  in  that 
part  of  the  instrument,  forces  a  part  of  it  up  through  the  jet  tube^ 
giving  rise  to  a  jet  of  water,  which  may  be  made  to  play  for  several 
hours  without  refilling  the  instrument. 

192.  The  Atmospheric  Inkstand.  — This  form  of  ink- 
stand now  in  common  use  illustrates  the  principles  of  atmos- 
pheric pressure. 

It  is  represented  partially  filled  with  ink  in  Fig.  138.  The  body 
of  the  inkstand  is  air-tight.  Near  the  bottom  is  a  tube  for  supplying 
the  ink  as  wanted,  and  also  for  filling 
the  inkstand  when  necessary.  It  is 
filled  by  turning  it  until  the  tube  is  at 
the  top,  when  the  ink  can  be  poured 
in  through  the  tube.  The  pressure 
of  the  atmosphere  prevents  the  ink 
from  flowing  out.  When  the  ink  has 
been  used  till  its  level  falls  below  0, 
where  the  tube  joins  the  main  body  of  ^^^'  ^^' 

the  inkstand,  a  bubble  of  air  enters,  and  rising  to  the  top,  acts  l)y 
its  pressure  to  fill  the  tube  again,  and  so  on  until  the  ink  is  ex- 
hausted. 

Summary.  — 

Measir.e  of  the  Elastic  Force  of  Gases. 
Mariotte^s  Law. 
Verification  of  tlio  Law. 
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The  Air-Pump, 

Descripti<»n  of  Leslie's. 

Mode  of  Operation. 

The  Mercurial  or  Siphon  Gauge. 
SprengeFs  Air-Pump. 

Description.  ^ 

Mode  of  Operation. 
Experiments  with  the  Air-Pump, 
Practical  Uses  of  the  Air-Pump, 
The  Condenser, 

Description. 

Mode  of  Operation. 
Applications  of  Condensed  Air. 

In  laying  the  Foundations  of  Bridges. 

In  Submarine  Work. 

In  Tunnelling  and  Mining. 
Advantages  of  Compressed  Air, 

1.  In  transmitting  Power  at  Great  Distances 

with  Slight  Loss. 

2.  Iif  driving  out  the  Noxious  Gases  caused  by 

Blasting,  by  means  of  Waste  Air,  and  also 
in  furnishing  Pure  Air. 

3.  In  lowering  the  Temperature  of  the  Mine. 
Artificial  Fountains. 

Hero's  Fciuntain. 
Atmospheric  Inkstand, 

193.  Water-Pumps.  —  A  Water-Pump  is  a  machine 
for  raising  water  from  a  lower  to  a  higher  level,  gen- 
erally by  the  aid  of  atmospheric  pressure.  Three  sep- 
arate principles  are  employed  in  working  pumps :  the 
sucking^  the  lifting,  and  the  forcing  principles.  Pumps 
are  often  named  according  as  one  or  more  of  these 
principles  are  employed. 

194.  The  Lifting-Pump.  —  The  common  lifting-pump 
acts  upon  the  principle  of  atmospheric  pressure.  Its  mode  of 
operation  may  be  understood  from  Figs.  139,  140,  and  141, 
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which  represent  sections  of  the  pump  in  diflTerent  states  of 
action.  In  all  of  the  figures,  a  is  the  sleeping-valve,  c  the 
piston-valve,  and  B  the  sucking-pipe. 

Suppose  the  piston  to  be  at  the  lowest  point  of  its  play ; 
there  will  then  be  an  equilibrium  between  the  pressure  of  the 
air  within  the  pump  and  that  without.  When  the  piston  is 
raised  to  the  highest  point  of  its  play,  the  air  beneath  it  is 


Kg.  189. 


Fig.  140. 


Fig.  141. 


rarefied,  and  its  tension  diminished  ;  the  tension  of  the  air  in 
the  sucking-pipe  then  forces  up  the  sleeping-valve,  and  a 
portion  of  it  escapes  into  the  barrel.  The  tension  of  the 
air  in  the  sucking-pipe  being  less  than  that  of  the  external 
atmosphere,  a  quantity  of  water  rises  in  the  pipe,  to  restore 
the  equilibrium.  The  water  continues  to  rise  till  its  weight, 
increased  b^-  the  tension  of  the  air  in  the  pump,  is  just  equal 
to  the  tension  of  the  external  air.  When  the  equilibriun^  is 
restored,  the  sleeping-valve  closes  by  its  own  weight. 

Digitized  by  VjOOQIC 


156  PNEUMATICS. 

Now,  if  the  piston  be  depressed,  the  air  in  the  barrel  is  condensed, 
forces  open  the  piston-valve,  and  a  portion  escapes  into  the  external 
atmosphere.  If  the  piston  be  raised  again,  an  additional  quantity  of 
water  will  be  forced  into  the  pump,  and  after  one  or  two  strokes  of 
the  piston,  it  will  begin  to  flow  into  the  barrel,  as  shown  in  Fig.  139. 

When  the  water  rises  above  the  lowest  limit  of  the  play  of  the 
piston,  the  latter  in  its  descent  will  act  to  compress  the  water  in  the 
barrel.  This  pressure  forces  open  the  piston- valve,  and  a  portion  of 
the  water  passes  above  the  piston,  as  shown  in  Fig.  140.  By  con- 
tinuing to  elevate  and  depress  the  piston,  the  water  will  be  raised 
higher  and  higher  in  the  pump,  till  at  length  it  will  flow  from  the 
spout,  as  shown  iu  Fig.  141. 

As  the  water  is  raised  in  the  pump  by  atmospheric  pressure,  it  is 
necessary  that  the  lowest  limit  of  the  play  of  the  piston  should  not 
be  more  than  34  feet  above  the  surface  of  the  water  in  the  reservoir, 
even  at  the  level  of  the  sea.  To  provide  against  barometric  fluctua- 
tions and  other  contingencies,  it  is  usual  to  make  this  distance  con- 
siderably less  than  34  feet. 

195.  The  Forcing- Pump.  —  In  the  Forcing-Pump  the 
sucking-pipe  may  be  dispensed  with,  and  the  barrel  plunged 
directly  into  the  reservoir,  as  shown  in  Figs.  142  arid  143,  or 
a  sucking- pipe  maj'  be  employed,  as  will  be  explained  here- 
after. We  shall  first  consider  the  case  in  which  the  sucking- 
pipe  is  omitted. 

In  this  case  the  piston  is  solid,  and  a  lateral  pipe,  H^  called 
the  delivery-pipe^  is  introduced  below  the  level  of  the  lowest 
position  of  the  piston.  There  are  two  valves,  both  fixed,  the 
sleeping- valve,  a,  as  in  the  sucking-pump,  and  a  valve,  c, 
opening  into  the  deliver^'-pipe. 

When  the  piston  is  raised  to  its  highest  position,  as  shown 
in  Fig.  142,  the  pressure  of  the  atmosphere  on  the  water  in 
the  reservoir  forces  open  the  sleeping- valve,  and  the  barrel 
is  filled  with  water  up  to  the  bottom  of  the  piston,  when  the 
sleeping-valve  closes  hy  its  own  weight.  On  depressing  the 
piston,  the  valve,  c,  is  forced  open,  and  a  portion  of  the  water 
in  the  barrel  is  forced  into  the  delivery-pipe.  When  the 
piston  reaches  its  lowest  position,  the  weight  of  the  water  in 
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the  deliver}'  pipe  closes  the  valve,  c,  and  prevents  the  water 
in  the  delivery-pipe  from  returning  into  the  barrel. 

By  continually  raising  and  depressing  the  piston,  additional  quan- 
tities of  water  are  forced  into  the  delivery -pipe,  which  finally  escape 
from  the  spout  at  the  top  of  the  delivery-pipe,  as  shown  in  Fig.  143. 

To  regulate  the  flow  of  the  water  through  the  delivery- pipe,  and 
to  facilitate  the  working  of  the  pump,  an  air-vessel  is  generally  in- 
troduced, as  will  he  explained  in  Art.  196.     Sometimes  the  working 


Fig.  142. 


Fig.  143. 


I8  rendered  uniform  hy  comhining  two  forcing-pumps  in  such  a 
manner  that  the  piston  of  the  one  ascends  whilst  that  of  the  other 
descends.     This  combination  is  explained  in  Art.  197. 

196.  The  Forcing-Pump  with  Air-Chamber. — This 
differs  from  the  simple  forcing-pump,  described  in  Art.  195, 
in  having  a  sucking-pipe  and  an  air-vessel.  It  consists  of  a 
barrel,  ^,  a  sucking-pipe,  B^  a  sleeping-valve,  G,  and  a  solid 
piston,  (7,  worked  by  a  lever,  ^,  and  piston-rod,  Z>.  A  pipe 
leads  fi-om  the  bottom  of  the  barrel,  through  a  sleeping- 
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valve,  F,  into  an  air-vessel,  K,  The  delivery-pipe,  H,  enters 
the  air-chamber  at  its  top,  and  extends  nearly  to  the  bottom. 

To  explain  the  action  of  the  pump,  sup- 
pose it  empty  and  the  piston  at  its  lowest 
position;  when  it  is  raised  to  its  highest 
position,  the  air  in  the  barrel  is  rarefied, 
the  tension  of  the  air  in  the  sucking-pipe 
forces  open  the  valve,  G,,  and  a  portion  of  it 
escapes  into  the  barrel;  the  water  is  then 
forced  up  the  sucking-pipe  by  the  tension 
of  the  external  air  acting  on  the  surface  of 
the  water  in  the  reservoir  until  an  equilib- 
rium is  produced,  when  the  valve,  G,  closes 
by  its  own  weight. 

If  the  piston  be  again  depressed  to  its 
'^*  lowest  limit,  the  air  in  the  barrel  is  con- 

densed until  its  tension  exceeds  that  of  the  external  air,  when  it 
forces  open  the  valve,  Fy  and  a  portion  escapes  into  the  air-vessel. 
After  a  few  double  strokes  of  the  piston  the  water  rises  through 
the  valve,  (r,  and  the  action  becomes  the  same  as  in  the  pump 
described  in  Art.  195,  with  the  exception  of  the  ah--vessel,  which 
serves  to  keep  up  a  continuous  stream  through  the  delivery-pipe. 
The  piston  ought  not  to  be  more  than  134  feet  above  the  reservoir. 
The  spout,  P,-  may  be  at  any  height  above  K. 

197.  The  Fire-Engine.  —  A  Fire-Engine  is  a  double 
forcing-pump,  having  its  delivery-pipe  composed  of  leather 
or  other  flexible  material.  It  is  used,  as  its  name  implies, 
for  extinguishing  fires. 

Fig.  145  shows  a  section  of  the  essential  parts  of  a  fire- 
engine.  In  this  figure,  P  ^  is  the  lever  to  which  are  attached 
the  piston-rods  that  move  the  pistons,  m  and  n;  R  is  an  air- 
vessel  with  two  valves,  one  admitting  water  from  each  barrel ; 
Zis  the  entrance  to  the  hose  or  delivery  pipe ;  ^and  N  are 
rods  sustaining  the  framework  of  the  machine. 

The  two  barrels  are  plunged  into  a  reservoir  which  is  kept 
supplied  with  water.  This  water  flows  into  a  space  beneath 
the  barrels  through  holes  represented  on  the  right  and  left 
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of  the  figure,  and  from  thence  is  forced  into  the  air-vessel  in 
a  manner  entirely  similar  to  that  explained  in  the  the  last 
article.  When  the  water  is  forced  into  the  air-vessel,  7?,  the 
air  is  at  first  compressed,  after  which  it  acts  by  its  tension  to 
force  a  continuous  current  through  the  hose. 

The  lever  is  provided  with  long  handles  at  right  angles  to  its 
length,  so  that  it  may  be  worked  by  several  men  acting  together. 


Fig.  146. 

Within  a  few  years  many  improvements  have  been  introduced 
into  the  fire-engine,  one  of  the  most  important  being  the  application 
of  steam  as  a  motor. 

198.  The  Siphon.  —  The  Siphon  is  a  bent  tube,  by 
means  of  which  a  liquid  may  be  transferred  from  one  reser- 
voir to  another,  over  an  intermediate  elevation.  The  siphon 
may  be  used  with  advantage  when  it  is  required  to  draw  off 
the  upper  portion  of  a  liquid  without  disturbing  the  lower 
portion.     This  operation  is  called  decanting » 
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The  siphon  consists  of  two  branches  of  unequal  lengths,  as 
shown  in  Fig.  146.  The  shorter  one  is  plunged  into  the 
liquid  to  be  decanted,  and  the  flow  takes  place  from  the 
longer  one. 

To  use  the  siphon,  it  must  first  be  filled  with  the  liquid.  This 
operation  may  be  effected  by  applying  the  mouth  to  the  outer  end  of 
the  siphon,  and  exhausting  the  air  by  suction,  or  it  may  be  inverted 
and  filled  by  pouring  in  the  liquid,  and  stopping  both  ends,  after 


Fig.  146. 

which  it  is  again  inverted,  care  being  taken  to  open  both  ends  at  the 
same  instant.  Sometimes  a  sucking-pipe  is  employed  to  exhaust  the 
air  and  fill  the  siphon. 

When  the  flow  commences,  it  will  continue  until  the  liquid  in  the 
first  reservoir  falls  below  the  level  of  the  end  of  the  siphon. 

To  understand  the  action  of  the  siphon,  we  must  consider 
the  forces  called  into  pla}'.  The  water  is  urged  from  d 
towards  i,  by  the  pressure  of  the  atmosphere  on  the  fluid  in 
the  reservoir,  together  with  the  weight  of  the  water  in  the 
outer  branch  of  the  siphon  ;  that  is,  by  the  weight  of  a  column 
of  water  whose  height  is  ah.     This  motion  is  retarded  by 
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the  pressure  of  the  atmosphere  at  ft,  together  with  the  weight 
of  the  fluid  in  the  inner  branch  ;  that  is,  by  the  weight  of  a 
column  whose  height  is  c  d.  The  difference  of  these  forces 
is  the  weight  of  a  column  of  the  liquid  whose  height  is  the 
excess  of  a  ft  over  c  cf,  and  it  is  by  the  action  of  this  force 
that  the  flow  is  kept  up.  The  greater  this  difference  the 
more  rapid  will  be  the  flow,  and  the  less  this  difference  the 
slower  the  liquid  will  escape.  When  this  diff'erence  becomes 
zero,  the  flow  ceases  altogether. 

Thto  siphon  is  used  for  conveying  water  over  hills,  but  for  this 
purpose  the  highest  point  of  the  tube  should  not  be  more  than  thirty 
feet  above  the  level  of  the  water  in  the  reservoir,  this  being  about 
the  height  at  which  the  atmospheric  pressure  will  sustain  a  column 
of  water. 


igg.  Adhesion  of  Liquids  and  Gases.  —  A  rapid 
current  or  jet,  either  of  a  liquid  or  a  gas,  tends  tc  carry 
along  with  it  the  surrounding  particles  of  air  which  adhere  to 
it,  and  thus  to  produce  a  partial  vacuum.  This  principle  is 
made  use  of  in  raising  liquids  through  tubes.  Let  a  powerful 
jet  of  steam  be  directed  horizontally  over  the  open  end  of  a 
vertical  tube,  the  lower  end  of  wliich  is  plunged  in  water ; 
the  air  from  the  tube  is  swept  along  by  the  steam,  a  vacuum 
is  produced,  the  water  rises,  and  is,  in  its  turn,  driven  for- 
ward by  the  jet  of  steam. 

In  the  apparatus  known  as  Gif- 
fard's  Injector,  water  is  supplied 
to  the  boiler  of  a  steam-engine  by 
a  jet  of  steam,  which  is  thrown 
with  great  force  through  a  small 
pipe  into  the  centre  of  a  larger 
tube  connected  with  the  supply 
of  water.  A  vacuum  being  formed 
about  the  jet,  water  is  drawn  for- 
ward and  thrown  into  the  lK)iler. 

The  same  principle  is  made  use 
of  for  throwing   a   tine   spray  of  Fig  147. 
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liquid  into  the  air,  as  shown  in  Fig.  147.  By  pressing  upon  the 
rubber  bulb  a  blast  of  air  is  made  to  issue  from  a  jet,  which  is  placed 
over  the  opening  of  a  tube  that  extends  into  the  liquid  in  the  bottle. 
The  force  of  the  blast  first  exhausts  the  air,  and  then  throws  the 
liquid  which  rises  from  the  tube  in  fine  spray  or  mist. 

Summary.  — 

Water-Pumps» 

Definition. 

Principles  Employed. 
Lifting-Pump, 

Principle  Involved. 

Description. 

Mode  of  Operation. 
Forcing-Pump, 

Description. 

Mode  of  Operation. 

With  Air-vessel  attached. 
Fire-Engine, 

Description. 

Mode  of  Operation. 
Siphon, 

Definition. 

Description. 

Mode  of  Operation. 
Adhesion  of  Liquids  and  Gases, 

Principle  Explained  and  Illustrated. 

Giffard's  Injector. 


SECTION    IV.  —  APPLICATION    TO   BALLOONING. 

200.  Buoyant  Effort  of  the  Atmosphere.  —  It  has 
been  shown  that  a  body  plunged  into  a  liquid  is  buoj'ed  up 
bj'  a  force  equal  to  the  weight  of  the  displaced  liquid.  That 
a  similar  effect  is  produced  upon  a  body  in  the  atmosphere, 
may  be  shown  by  means  of  an  instrument  called  a  baroscope^ 
which  is  represented  in  Fig.  148. 
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The  Baroscope  consists  of  a  beam  like  that  of  a  balance, 
from  one  extremity  of  which  is  suspended  a  hollow  sphere 
of  copper,  and  from  the  other  extremity  a  solid  sphere  of 
lead.  These  are  made  to  balance  each  other  in  the  atmos- 
phere. 

If  the  instrument  be  then 
placed  under  the  receiver  of 
an  air-pump  and  the  air  ex- 
hausted, the  copper  sphere 
will  descend.  This  shows 
that  in  the  air  it  was  buoyed 
up  by  a  force  greater  than 
that  exerted  upon  the  leaden 
sphere.  If,  now,  the  leaden 
sphere  be  increased  by  a 
weight  equal  to  that  of  a 
volume  of  air  of  the  same 
bulk  as  the  copper  sphere 
diminished  by  that  of  the 
leaden  sphere,  it  will  be 
found,  after  the  air  is  ex- 
hausted, that  the  balance  is 
in  equilibrium.  This  shows 
that  the  buoyant  effort  is 
equal  to  the  weight  of  air 
displaced.  Hence  we  have 
the  following  principle,  en-  ^^^*  ^^®* 

tirely  analogous  to  the  principle  of  Archimedes  :  — 

When  a  body  is  plunged  into  a  gas^  it  is  buoyed  up  by  a  force 
equal  to  the  weight  of  the  displaced  gas. 

If  the  buoyant  effort  is  greater  than  the  weight  of  the  body, 
the  latter  will  rise ;  if  it  is  less,  the  body  will  fiill ;  if  the  two  are 
equal,  the  body  will  float  in  the  atmosphere  without  either  rising 
or  falling. 

Sraoke,  for  example,  rises,  because  it  is  lighter  than  the  air  which 
it  displaces.     It  continues  to  rise  until  it  reaches  a  stratum  of  air 
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where  its  weight  is  just  equal  to  that  of  the  displaced  air,  when  it 
will  come  to  rest  and  remain  suspended.  A  soap-bubble  filled  with 
warm  air  floats  for  a  considerable  time  in  the  atmosphere,  being 
nearly  of  the  same  weight  as  the  displaced  air. 

201.  The  Balloon. — A  Balloon  is  a  spherical  envelope 
filled  with  some  gas  lighter  than  air. 

The  first  balloon  made  was  filled  with  heated  air  and 
smoke,  furnished  by  burning  damp  straw,  paper,  and  the 
like,  under  the  balloon,  the  lower  part  of  which  was  left  open 
to  receive  them.  When  filled,  it  rose  to  a  height  of  more 
than  a  mile  ;  but  it  soon  became  cooled,  and  fell  to  tlie  earth. 
The  use  of  hot-air  balloons  was,  however,  entirel}'  given  np 
on  account  of  the  serious  accidents  to  which  they  were  liable. 

Small  balloons  of  this  kind,  called  fire- balloons,  are  often  made 
for  toys.  A  spherical  bag  of  light  paper  is  made,  with  a  large  open- 
ing at  the  bottom,  across  which  are  stretched  wires;  to  these  a 
sponge  saturated  with  alcohol  is  fastened.  The  alcohol  being  set 
on  fire,  the  air  in  the  balloon  becomes  heated  and  rarefied  till  the 
whole  is  lighter  than  an  equal  bulk  of  the  atmosphere,  when  it  rises. 

202.  Balloons  of  the  Present  Day.  —  Balloons  b}- 
which  persons  ascend  are,  at  the  present  da}^,  generally  filled 
with  hydrogen  or  coal  gas.  The  latter,  although  heavier 
than  the  former,  yet  b}'  reason  of  its  cheapness,  and  the 
facility  with  which  it  can  be  procured,  is  usually'  preferred. 

The  envelope  is  made  of  silk,  rendered  air-tight  by  caoutchouc 
varnish  on  both  sides  of  it.  Sometimes  two  sheets  of  silk  are  used, 
with  a  sheet  of  india-rubber  between  them. 

The  basket,  or  car,  made  of  wicker-work  or  whalebone,  is  sus- 
pended by  means  of  cords  to  a  network  which  completely  covers  the 
whole  balloon  or  the  entire  upper  half.  This  network  is  attached 
in  such  a  manner  as  to  distribute  the  weight  of  the  car  and  its  con- 
tents as  evenly  as  possible. 

At  the  top  of  the  balloon  is  a  valve  kept  closed  by  a  spring ;  it 
can  be  opened  by  means  of  a  string  descending  through  the  balloon 
to  the  car  of  the  aeronaut.  When  he  wishes  to  descend,  he  opens 
the  valve,  and  allows  a  portion  of  the  gas  to  escape.  To  ascertain 
whether  he  is  ascending  or  descending,  the  aeronaut  is  provided  with 
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a  barometer;  when  ascending,  the  barometric  column  falls,  and 
^hen  descending,  it  rises.  By  means  of  the  barometer,  the  height  at 
any  time  may  be  determined. 

A  long  flag  fixed  to  the  car  will  indicate,  by  the  position  it  takes, 
either  above  or  below,  whether  the  balloon  is  rising  or  falling. 

To  enable  the  balloon  to  rise,  it  must  displace  a  volume  of 
air  greater  in  weight  than  itself  and  all  it  carries.  When  the 
volume  of  air  displaced  is  less  in  weight,  the  balloon  will  sink ; 
when  equal,  it  will,  after  a  few  oscillations,  come  to  rest  in 
that  stratum  of  the  atmosphere. 

The  measurements  for  a  balloon  of  the  ordinary  dimensions,  which 
can  carry  three  persons,  have  been  given  as  follows  :  16  yards  high, 
12  yards  in  diameter,  and,  when  it  is  quite  full,  about  680  cubic  yards 
in  volume.  The  balloon  itself  weighs  200  pounds  j  the  accessories, 
such  as  the  rope  and  car,  100  pounds. 

Many  attempts  have  been  made  to  direct  the  course  of  balloons 
in  the  air,  but  so  far  all  have  failed.  They  present  so  extensive  a 
surface,  that  the  resistance  of  the  air  is  sufl&cient  to  neutralize  any 
efforts  to  propel  them  in  any  desired  direction,  with  a  degree  of  speed 
worth  attaining. 

203.  Method  of  filling  a  Balloon  and  making  an 
Ascent.  —  The  balloon  is  filled  by  raising  it  three  or  four  feet 
above  the  ground  by  pulleys,  when  the  gas  is  introduced  by  means 
of  a  pipe  or  hose  which  connects  with  a  gasometer.  As  the  balloon 
fills  with  gas  it  is  held  down  by  ropes,  and  when  nearly  filled,  the 
car  is  attached.  Care  should  be  taken  not  to  fill  the  balloon  com- 
pletely, as  the  gas  expands  in  rising,  and  unless  an  allowance  is 
made  for  this  expansion  the  balloon  might  be  ruptured. 

To  regulate  the  ascensional  power,  the  car  is  ballasted  by  sand, 
contained  in  small  bags.  Everything  being  ready,  the  ropes  are 
detached,  and  the  balloon  ascends  with  greater  or  less  velocity,  ac- 
cording to  the  ascensional  force. 

When  the  aeronaut  finds  that  he  does  not  ascend  fast  enough,  he 
increases  the  ascensional  force  by  emptying  one  or  more  of  the  sand- 
bags. In  like  manner,  in  descending,  if  the  velocity  is  too  great,  or 
if  the  balloon  tends  to  fall  in  a  dangerous  place,  the  weight  of  the 
balloon  is  diminished  by  emptying  some  of  the  sand-bags. 

To  render  the  descent  less  difficult,  the  aeronaut  is  provided  with 
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an  anchor  or  grapple,  suspended  from  a  rope,  by  means  of  which  he 
can  seize  upon  some  terrestrial  object  when  he  comes  near  the  earth. 
When  the  anchor  is  made  fast,  the  aeronaut  draws  down  the  balloon 
by  pulling  upon  the  rope. 

204.  The  Uses  of  Balloons.  —  Balloons  have  been 
used  in  war  to  some  extent  for  making  observations  within 
the  lines  of  an  enem}-,  and  also  as  a  means  of  communica- 
tion between  parties  besieged  and  those  without  the  lines  of 

the  besiegers. 

The  most  important 
use  of  the  balloon,  thus 
far,  has  been  in  making 
scientific  observations 
in  the  higher  regions  of 
the  atmosphere.  Much 
valuable  meteorological 
information  has  been 
gathered  by  the  experi- 
ments in  aerial  navi- 
gation, especially  by 
Glaisher,  an  English 
aeronaut.  The  greatest 
height  ever  attained  in  a 
balloon  was  a  little  over 
seven  miles,  and  was 
reached  by  Glaisher  on 
^^«-  ^^^-  September  5,  1862. 

205.  The  Parachute.  —  A  Parachute  is  an  apparatus 
b}'  means  of  which  an  aeronaut  may  abandon  his  balloon,  and 
descend  slowly  to  the  earth. 

The  form  and  construction  of  a  parachute,  when  detached 
from  the  balloon,  are  shown  in  Fig.  149. 

It  consists  of  a  circular  piece  of  cloth,  15  or  J 6  feet  in  diameter, 
presenting,  when  spread,  the  form  of  a  huge  umbrella.  The  ribs 
are  made  of  cords,  which,  being  continued,  are  attached  to  a  wicker 


car,  as  shown  in  the  figure. 
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A  hole  is  made  at  the  top,  in  the  centre,  which,  by  allowing  a 
part  of  the  compressed  air  to  escape,  directs  the  descent,  and  prevents 
violent  oscillations,  that  might  prove  dangerous  by  the  air  escaping 
from  under  the  edge  of  the  parachute. 

Mr.  Wise,  an  American  aeronaut,  several  times  exploded 
his  balloon,  when  high  in  the  air,  to  show  what  he  considered 
to  be  always  the  case,  that  the  fragments  with  the  network 
would,  under  such  circumstances,  form  a  parachute  which 
would  moderate  the  rate  of  descent, 
and  allow  the  aeronaut  to  reach  the 
earth  in  safety*. 

If  from  any  cause  it  appears  impracti- 
cable to  eflfect  a  descent  from  the  balloon 
itself,  the  parachute  may  be  of  the  greatest 
service  to  the  navigator.  At  present,  how- 
ever, it  seems  to  be  used  to  astonish  the 
public  by  the  skill  and  courage  of  the 
aeronaut,  who  dares  to  launch  himself 
into  space  in  this  frail  craft  when  no  danger 
threatens  his  balloon. 

All  things  considered,  it  is  generally 
regarded  as  safe  to  effect  a  descent  with 
the  balloon  as  with  the  parachute. 

In  Fig.  150  is  shown  the  balloon  with 
pnrachute,  attached  to  the  network  by 
means  of  a  cord,  which  passes  round  a 
pulley,  and  is  fixed  at  the  other  end  to  the 
car.  When  the  c<ird  is  cut  the  parachute  descends  with  great 
rapidity;  but  the  air  soon  spreads  the  cloth,  and  then,  acting  by 
its  resistance,  the  velocity  is  diminished,  and  the  aeronaut  reaches 
tbe  ground  without  injury. 

Summary.  — 

Buoyant  Effort  of  the  Atmosphere. 
Baroscope. 

Principle  of  Archimedes. 
The  Balloon. 

Hot-air  Balloon. 
Toy  Ball<x)n. 


Fig.  150. 
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The  Balloon  (continiied). 

Construction  of  Modern  Ballix)us. 

Mode  of  Navigation. 

Principle  that  enables  a  Balloon  to  lise. 

Measurements  of  a  Balloon. 

Directing  the  Course  of  a  Balloon. 

Method  of  filling  a  Balloon  and  preparing  for  its 
Ascent. 

Valuable  Information  gained  by  Balloons. 
The  Parachute. 

Use  and  Construction. 

Experiment  of  Mr.  Wise. 

Exhibition  of  the  Courage  of  the  Aeronaut 

Illustration  of  the  Method  by  which  the  Parachute 
is  detached  from  the  Balloon. 
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ACOUSTICS. 
SECTION    I.  —  PRODUCTION    AND   PROPAGATION    OF   SOUND. 

206.  Acoustics  is  that  branch  of  Physics  wliich  treats 
of  the  laws  of  generation  and  propagation  of  sound. 

207.  Sound  is  a  motion  of  matter  capable  of  affecting  the 
ear  with  a  sensation  peculiar  to  that  organ. 

Sound  is  caused  by  the  vibration  of  some  body,  and  is 
transmitted  by  successive  vibrations  to  the  ear.  The  original 
vibrating  body  is  said  to  be  sonorous,  A  body  which  trans- 
mits sound  is  called  a  medium.  The  principal  medium  of 
sound  is  the  atmosphere;  but  all  elastic  bodies  transmit 
sound,  and  are,  therefore,  media. 


Fig.  151. 

Let  us  take,  for  illustration,  a  stretched  cord  which  is  made  to 
vibrate  by  a  bow,  as  in  a  violin,  for  example.  When  the  cord  is 
drawn  from  its  position  of  rest,  ach  (Fig.  151),  to  the  position,  adh^ 
every  point  of  the  cord  is  drawn  from  its  position  of  equilibrium ; 
when  it  is  let  go,  its  elasticity  causes  it  to  spring  back  to  its  original 
position.  In  returning  to  this  position,  it  does  so  with  a  velocity 
that  carries  it  past  ach  to  a  eh,  fi'om  which  it  returns  again  nearly 
to  adh,  and  so  on  vibrating  backward  and  forward,  until,  after  a 
great  number  of  oscillations,  it  at  length  comes  to  rest. 
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208.  Sound- Waves  in  Air.  —  Mode  of  Propagation. 
—  Sound-waves  are  produced  in  the  air  by  the  vibration  of 
some  sonorous  body.  When  the  body  moves  tbrwaixi,  it 
strikes  the  air  in  front  of  it,  and  condenses  a  stratum  whose 
thickness  depends  on  the  rapidity  of  vibration ;  the  particles 
of  this  stratum  impart  the  condensation  to  those  of  the  next, 
and  these  in  turn  to  those  of  the  next,  and  so  on ;  the  con- 
densation thus  transmitted  outward  is  called  the  condensed 
pulse.  When  the  body  moves  backward,  the  air  in  front  of 
it  follows,  and  produces  rarefaction  in  a  stratum  whose  thick- 
ness depends  on  the  rapidity  of  vibration  ;  this  causes  a  back- 
ward movement  and  consequent  rarefaction  in  the  next 
stratum,  which  is  transmitted  to  the  next,  and  so  on ;  the 
rarefaction  thus  propagated  outward  is  called  the  rarefied 
pulse. 

jl     a  a  b  b' 
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Fig.  152  illustrates  the  formation  of  sound-waves  by  the  vibra- 
tions of  a  tuning-fork.  The  prong,  a,  as  it  springs  outward,  con- 
denses the  air  in  front,  and  then,  receding,  leaves  behind  it  a  partial 
vacuum.  Thus  each  complete  vibration  generates  a  condensed  and 
a  rarefied  pulse,  and  these  together  constitute  a  sound-wave.  The 
dark  spaces,  a,  &,  c,  d,  represent  the  condensations,  and  the  lighter 
spaces,  a',  &',  c,  d'j  the  rarefactions ;  the  wave-lengths  are  the  dis- 
tances ahj  b  Cj  c  d. 

When  a  bell  is  rung,  the  air  around  it  is  set  in  motion,  and  sound- 
waves are  generated,  which  move  outward  in  every  direction  in  the 
form  of  spherical  shells,  as  shown  in  Fig.  153. 

The  rate  at  which  the  sound-wave  travels  is  the  velocity  of 
sou/nd;   the  distance  through  which  it  travels  in  the  time  of  one 
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vibration  of  the  sonorous  body  is  the  wave-length.  The  form  of  the 
sound-wave  is  transmitted  through  the  air,  but  the  individual  particles 
of  air  simply  oscillate  to  and  fro  in  the  direction  of  wave  propaga- 
tion, moving  forward  on  the  passage  of  the  condensed  and  backward 
on  the  passage  of  the  rarefied  pulse ;  the  distance  through  which 
each  particle  oscillates  is  called  the  amplitude  of  vibration  of  the 
particle. 

Any  two  particles  situated  on  a  line  in  the  directi<jn  of  propaga- 
tion, and  at  a  distance  from  each  other  equal  to  a  wave-length,  are 
always  moving  in  the  same  direction  and  with  equal  velocities ;  such 
particles  are  said  to  be  in  the  same  phase.  All  the  particles  of  any 
wave  that  are  in  the  same  phase  are  on  the  surface  of  a  sphere,  which 
is  called  a  wave- front 


Fig.  153. 

209.  Combinations  of  Sound- Waves.  —  Man}^  sounds 
may  be  transmitted  through  the  air  at  the  same  time,  and  in 
some  cases  there  is  no  perceptible  interference  of  the  sound- 
waves. In  listening  to  a  concert  of  instruments  a  practised 
ear  can  detect  the  particular  sound  of  each  instrument. 

Sometimes,  however,  an  intense  sound  covers  up  or  drowns  a  more 
feeble  one ;  thus,  the  sound  of  a  drum  might  drown  that  of  the 
human  voice.  Sometimes  feeble  sounds,  which  are  too  faint  to  be 
heard  separately,  by  their  union  produce  a  sort  of  murmur.  Such 
is  the  cause  of  the  murmur  of  waves,  the  rustling  sound  of  a  breeze 
playing  through  the  leaves  of  a  forest,  and  the  indistinct  hum  of  a 
distant  city. 
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2IO.  Caincidence  and  Interference  of  Sound- 
Waves.  —  Two  sets  of  sound-waves  may  coincide  so  as 
to  increase  the  intensity  of  the  sound,  or  they  may  interfere 
so  as  to  neutralize  each  other  and  produce  silence. 

Suppose  we  have  two  tuning- forks,  A  and  J5,  which  produce 
waves  of  exactly  the  same  length.  Let  them  he  placed  a  wave- 
length apart,  as  shown  in  Fig.  J  54.     The  two  sets  of  vibrations 


Fig.  154. 


will  coincide,  and  the  intensity  of  the  sound  will  l)e  greater  than 
if  one  were  vibrating  alone.  The  same  would  evidently  occur  if 
the  distance  between  it  and  B  were  any  number  of  whole  wave- 
lengths. 

But  suppose  A  and  B  to  be  only  half  a  wave-length  apart.     It  is 
evident  that  the  rarefactions  of  one  of  the  systems  of  waves  will  then 


Fig.  155. 

coincide  with  the  condensations  of  the  other  system,  and  the  result 
will  be  interference^  hy  which  both  systems  of  waves  will  bo  de- 
stroyed. This  result  is  indicated  by  the  uniformity  of  shading  in 
Fig.  155. 

The  interference  of  sound-waves  can  be  shown  by  striking  a  small 
tuning-fork,  and  then  holding  it  a  short  distance  from  the  ear, 
rolling  the  stem  at  the  same  time  between  the  thumb  and  finger. 
We  shall  find  several  positions  where  the  sound-waves  neutralize  one 
another  and  no  sound  is  heard,  and  also  several  where  the  waves 
coincide  and  there  is  a  reinforcement  of  sound. 


Digitized 


by  Google 


PEOPAGATION  OF  SOUND,  173 

211.  Beats. —  When  two  tuning-forks  which  are  not  quite 
in  unison  are  sounded  together,  there  is  no  continuous  sound 
produced,  but  a  peculiar,  palpitating  effect,  which  is  owing  to 
a  series  of  alternate  reinforcements  and  diminutions  of  the 
sound.  This  succession  of  sounds  with  the  inter\^als  of  com- 
parative silence  is  known  to  musicians  by  the  name  of  beats^ 
and  is  the  result  of  the  coincidence  and  interference  of  the 
sound-waves. 

Suppose  one  of  the  forks  vibrates  100  times  in  a  second,  and  the 
other  101  tunes.  If  the  waves  start  at  the  same  moment  the  con- 
densations will  coincide  and  also  the  rarefactions,  but  they  begin  to 
interfere  more  and  more,  inasmuch  as  one  system  has  been  gradually 
falling  behind  the  other,  until  at  the  middle  of  the  second  it  will 
have  amounted  to  half  a  wave-length,  and  the  two  sounds  will  destroy 
each  other. 

At  the  end  of  the  second,  when  one  fork  has  c(^mpletod  its  lOOlh 
vibration  and  the  other  its  101st,  one  system  has  fallen  behind  the 
other  one  wave-length,  and  there  is  coincidence  again  of  crest  and 
depression,  and  the  full  effect  of  both  sounds  reaches  the  ear.  We 
have,  then,  one  beat  and  one  interval  in  every  second. 

In  general,  beats  are  produced  by  two  musical  sounds  of  nearly  the 
same  pitch  emitted  at  the  same  time.  The  number  of  beats  per  sec- 
ond is  equal  to  the  difference  of  the  rates  of  vibration. 

Beats  are  frequently  heard  in  the  sound  of  church  bells,  and  in  the 
lower  octaves  of  large  organs.  Telegraph  wires,  when  made  to 
vibrate  by  a  strong  wind,  produce  beats.  These  can  be  observed  by 
pressing  one  ear  against  a  telegraph-post  and  closing  the  other. 
If  we  strike  simultaneously  one  of  the  lower  white  keys  of  a  piano 
and  the  adjacent  black  key,  beats  will  be  heard. 

Beats  are  of  great  value  in  tuning  musical  instruments.  The  notes 
given  out  by  two  musical  instruments  of  slight  lUfference  in  pitch 
can  be  brought  into  unison  by  tuning  until  the  beats  disappear. 

212.  Sound  is  not  propagated  in  a  Vacuum.  — That 
some  medium  is  necessary  for  the  transmission  of  sound 
may  be  shown  by  the  following  experiment. 

A  bell  is  placed  under  the  receiver  of  an  air-pump,  provided 
with  a  striking  apparatus  set  in  motion  by  clock-work.    Before 
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the  air  is  exhausted,  the  strokes  of  the  hammer  on  the  bell 
are  distinctly  heard,  but  as  the  air  is  exhausted  the  sound  be- 
comes fainter  and  fainter,  till  at  last  it  ceases  to  be  heard. 

For  the  complete  success  of  this 
experiment  the  bell  and  clock-work 
should  be  supported  by  some  sub- 
stance which  does  not  readily  trans- 
mit sound.  As  shown  in  Fig.  156, 
the  apparatus  is  supported  by  silk 
threads.  The  sliding- rod,  r,  is  used 
to  set  the  clock-work  in  motion.  If, 
after  the  air  is  exhausted,  any  vapor 
or  gas  is  admitted,  the  sound  is  again 
heard;  showing  that  other  elastic 
fluids,  as  well  as  air,  may  transmit 
sound. 

213.   Propagation  of  Sound 

in  Liquids  and  Solids.— Sound 

is  transmitted,  not  onl^^  by  gases, 

but  also  by   liquids   and   solids. 

Divers  hear  sounds  from  the  shore 

when   under   water,   and   sounds 

made  under  water  are  heard  on 

^^^'  ^^^"  shore.     A  slight  sound  made  at 

one  end  of  a  long  stick  of  timber  is  distinctly  heard  by  an 

ear  at  the  other  end,  even  when  it  might  be  inaudible  at  an 

equal  distance  through  the  air. 

The  earth  transmits  sounds,  and  ])y  placing  the  ear  in  contact 
with  it,  sounds  may  be  distinguished  at  a  great  distance.  This 
method  of  hearing  approaching  footsteps  of  men  or  animals  is  well 
understood  by  hunteiis.  In  the  construction  of  subterranean  galleries 
f<»r  mining  purposes,  the  miner  is  often  guided,  as  to  the  direction  he 
should  take,  by  sounds  transmitted  through  large  masses  of  earth 
and  rock. 

214.  Velocity  of  Sound  in  the  Air.  —  That  sound 
occupies  an  appreciable  time  in  passing  from  point  to  point 
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may  be  shown  by  many  familiar  examples.  Jf  we  notice  a 
man  cutting  wood  at  a  distance,  we  perceive  that  his  axe 
falls  some  time  before  the  sound  of  the  blow  reaches  the  ear. 
If  a  gun  is  discharged,  we  see  the  flash  before  we  hear  the 
report.  In  like  manner,  the  flash  of  lightning  is  seen  before 
we  hear  the  thunder. 

In  1822  a  number  of  scientific  men  undertook  a  series  of 
very  nice  experiments  to  determine  the  velocity  of  sound. 
They  placed  a  cannon  on  the  hill  of  Montlery,  near  Paris, 
and  another  on  a  plain  near  Ville-Juif,  the  distance  between 
them  being  61,047  feet.  At  each  station  twelve  discharges 
were  made  at  intervals  of  ten  minutes  ;  the  discharges  alter- 
nating between  the  stations  at  intervals  of  five  minutes. 
Observers  placed  at  each  station  observed  the  intervals  of 
time  that  elapsed  between  seeing  the  flash  and  hearing  the 
report  of  the  cannon  at  the  other  station.  The  average  inter- 
val was  54.6  seconds,  and  the  temperature  was  61°  F. ;  the 
actual  velocity  was  found  to  be  1118  feet  per  second,  which, 
after  correcting  for  temperature,  gave  1090  feet  per  second 
for  the  temperatui'e  32°  F. 

It  is  shown  by  experiment  that  if  the  elasticity  of  the  air  be  in- 
creased, the  density  remaining  the  same,  the  velocity  of  sound  is 
increased ;  or,  the  elasticity  remaining  the  same,  if  the  density  be 
decreased,  the  velocity  is  also  increased.  When  our  atmosphere  is 
heated  by  the  sun,  its  density  is  made  less  while  its  elasticity  is  not 
changed.  The  velocity  of  sound  is  found  to  increase  thereby  about 
one  foot  per  second  for  each  degree  Fahrenheit. 

The  velocity  of  sound  in  air  depends  on  the  elasticity  of  the  air 
in  relation  to  its  density.  The  greater  the  elasticity,  the  greater  the 
velocity ;  the  greater  the  density,  the  less  the  velocity.  This  can  be 
expressed  as  follows  :  — 

The  velocity  is  directly  proportional  to  the  square  root  of  the  elas- 
ticity ;  it  is  inversely  proportional  to  the  sqtmre  root  of  the  density. 

215.  Velocity  of  Sound  in  Liquids.  —  Sound  is  trans- 
mitted more  rapidly  in  Uquids  than  in  air.  Its  velocity  in 
water  was  measured  by  Colladon  and  Sturm,  in  1826,  at 
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the  Lake  of  Geneva,  in  Switzerland.  Two  boats  were  moored 
at  a  distance  of  nearly  nine  miles  from  each  other.  One  of 
them  supported  a  bell  of  about  140  pounds  weight  immersed 
in  the  lake.  Its  hammer  was  moved  b}^  a  lever  so  arranged 
that,  at  the  instant  of  striking  the  bell, 
it  ignited  a  small  quantity  of  gunpowder. 
An  observer  in  the  other  boat  heard  the 
sound  by  means  of  a  trumpet-shaped 
tube  (Fig.  157),  the  lower  end  of  which 
was  covered  with  a  membrane,  and 
turned  in  the  direction  from  which  the 
sound  came. 


1  By  observing  the  interval  between  seeing 

'^'      ''  the  flash  and  hearing  the  sound,  the  velocity 

was  found  to  be  about  4700  feet  in  a  second,  which  is  more  than 
four  times  its  velocity  in  air. 

2i6.  Velocity  in  Solids.  —  Solid  bodies  transmit  sound 
more  rapidl}'  than  gases  or  liquids.  The  velocity  varies  in 
different  solids,  and  is  greatest  in  dense  and  highl}'  elastic 
bodies.  Through  steel  wire  sound  moves  at  the  rate  of 
15,470  feet  per  second;  through  silver,  at  10,900  feet  per 
second,  — just  ten  times  the  velocity  in  air. 

That  sound  travels  faster  in  iron  than  in  air  may  be  shown  by 
placing  the  ear  at  one  extremity  of  a  long  iron  bar  or  tube,  while  it  is 
struck  on  the  other  end  with  a  hammer.  Two  sounds  will  be  heard, 
the  first  transmitted  through  the  iron  and  the  second  through  the  air. 
The  true  reason  that  the  velocity  of  sound  in  liquids  and  solids  is 
greater  than  in  air  is  found  in  the  fact  that  their  elasticities,  when 
compared  with  their  densities,  are  greater  than  that  of  air  compared 
with  its  density. 

217.  Reflection  of  Sound.  —  Echoes.  —  When  sound- 
waves in  air  strike  upon  a  solid  surface  they  are  reflected,  or 
thrown  back ;  and,  as  in  the  case  of  elastic  solid  bodies,  the 
angle  of  reflection  is  equal  to  the  angle  of  incidence.  A  wave 
of  sound  falling  i)erpendicularl3'  on  a  wall  or  other  flat  sur- 
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face  returns  in  the  same  direction  to  the  spot  from  which 
it  emanated,  and  produces  there  an  echo, 

A  hard  or  perfectly  smooth  surface  is  not  necessary  to 
secure  reflection  of  sound.  It  is  reflected  from  cHffs,  from 
wooded  slopes  of  mountains,  frorai  the  surface  of  water,  and 
even  from  clouds,  in  such  a  wa}'  as  to  form  distinct  echoes. 
A  sharp,  quick  sound  may  be  returned  as  an  echo  from  a 
distance  of  fifty-five  feet,  but,  to  repeat  spoken  words  or 
syllables  distinctly,  the  reflecting  surface  must  be  so  far  dis- 
tant from  the  speaker  as  to  require  at  least  the  fifth  of  a 
second  for  sound  to  travel  to  it  and  return. 

It  is  not  possible  to  pronounce  or  to  hear  distinctly  more  than  ^ye 
syllables  in  a  second.  The  velocity  of  sound  being  1090  feet  per 
second,  it  follows  that  sound  travels  218  feet  in  one  fifth  of  a  second. 
If,  then,  an  obstacle  be  placed  at  the  distance  of  109  feet,  sound  will 
go  to  it  and  return  in  one  fifth  of  a  second.  At  that  distance  the 
last  syllable  only  of  the  echo  will  reach  the  ear  after  the  sentence 
is  pronounced.  Such  an  echo  is  called  monosyllabic.  If  the  echo 
takes  place  from  an  obstacle  at  a  distance  of  218  feet,  we  hear  two 
syllables  j  that  is,  the  echo  is  dissyllabic.  At  distances  of  327  feet, 
the  echo  is  trisyllabic  ;  and  so  on. 

When  sound  is  reflected  from  several  surfaces  situated  in  diflerent 
directions  and  at  diflerent  distances,  multiple  echoes  are  produced ; 
that  is,  a  single  sound  or  syllable  is  repeated  several  times.  The 
number  of  times  that  a  single  sound  will  be  repeated  depends  upon 
the  number  of  reflecting  surfaces ;  the  number  of  syllables  or  words 
that  will  be  repeated  after  a  speaker  depends  upon  the  distance  of  a 
single  reflecting  surface. 

Sound  is  wasted  by  repeated  reflections.  Floors  and  partitions 
are  deadened  by  means  of  mortar,  sawdust,  and  the  like,  so  that  the 
heterogeneous  mass  by  irregular  reflection  of  the  sonorous  waves  may 
diminish  the  intensity  of  the  sound. 

2i8.  Acoustic  Clouds.  —  It  has  generally  been  supposed 
that  fogs,  rain,  snow,  and  hail  interfere  with  the  transmis- 
sion of  sound  ;  but,  according  to  experiments  made  b}^  T^n- 
dall,  they  seem  to  have  no  sensible  power  in  obstructing 
sound,  and  therefore  the  connection  supposed  to  exist  bc- 
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tween  a  clear  atmosphere  and  the  transmission  of  sound  is 
dissolved.  He  also  found  that  the  aii*  associated  with  fog  ip 
usually  highly  homogeneous  and  favorable  to  the  transmission 
of  sound. 

He  supposed  the  existence  in  the  air,  even  in  the  clearest  weather, 
of  clouds  of  vapor  impervious  to  sound,  called  acovtstic  clouds. 
These  have  no  connection  with  ordinary  clouds,  fogs,  or  haze.  The 
sound-waves  are  thrown  hack  from  these  clouds,  as  light  from  ordi- 
nary clouds,  and  the  intensity  of  the  sound  is  weakened  hy  repeated 
reflections. 

The  fact  that  sound  is  thus  turned  back  may  explain  the  varia- 
tions in  distance  at  which  famihar  sounds  are  often  heard  at  different 
times,  and  especially  why,  at  a  given  point,  the  sound  produced  by  a 
cannon  may  be  heard  at  some  places  and  not  at  others  equally  dis- 
tant from  the  spot.  We  may  have  days  when  the  atmosphere  is 
very  transparent  to  the  eye,  but  on  account  of  the  presence  of  acoustic 
clouds  very  opaque  to  the  ear. 

219.  Resonance. — When  sounds  are  reflected  from  a 
distance  too  small  to  produce  a  distinct  echo,  the  effect  is 
to  strengthen  the  original  sound.  This  effect  is  called  Jieso- 
nance. 

It  is  the  resonance  from  the  walls  of  a  room  that  makes  it  easier 
td  speak  in  a  closed  apartment  than  in  the  open  air.  The  resonance 
is  more  clearly  perceived  when  the  walls  are  clastic.  In  rooms 
where  there  are  carpets,  curtains,  stuffed  furniture,  and  the  like,  the 
sound-waves  are  broken  up,  and  the  resonance  is  diminished ;  but  in 
houses  where  there  is  no  funiiture  the  resonance  is  strengthened. 
Hence  it  is  that  the  sound  of  voices,  footsteps,  etc.,  is  so  strongly 
marked  in  deserted  and  unfurnished  buildings. 

220.  Refraction  of  Sound.  —  Sound  may  be  refracted, 
or  bent  out  of  its  course,  when  passing  from  one  medium  to 
another  of  different  densit3\     This  is  shown  in  Fig.  158. 

^  is  a  collodion  or  rubber  balloon  filled  with  carbonic  acid 
gas.  The  envelope  is  so  thin  that  the  sound-waves  are  trans- 
mitted to  the  gas  inside. 

Let  a  watch,  Wj  be  hung  near  this  gas-lens,  B.     Now  place  the 
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oar  a  few  feet  from  the  lens,  at/,  using  a  glass  funnel,  /',  to  assist 
the  ear.  By  moving  the  funnel  about,  a  position  is  found  where  the 
ticking  is  louder  than  elsewhere.  The  sound-waves  are  bent  from 
their  course,  and  brought  to  a  focus  at  /. 

The  laws  of  reflected  and  refracted  sound  are  the  same  as  those  of 
light,  and  will  be  treated  under  that  subject. 

221.  Intensity  of  Sound.  —  This  qualitj^  depends  upon 
the  amplitude  of  the  vibrations,  that  is,  the  space  through  which 
the  molecules  move  to  and  fro.  It  varies  very  nearly  as  the 
square  of  the  amplitude  of  vibration  of  the  molecules  of  air. 

The  intensity  of  sound  diminishes  as  the  square  of  the 
distance  from  the  sonorous  bod^'  increases ;  that  is,  the  in- 


Fig.  158. 

tensity  of  sound  varies  inversely  as  the  square  of  the  distance  from 
the  sonorous  body. 

The  density  of  the  air  modifies  sound.  In  rarefied  air  sounds  are 
feeble,  while  in  condensed  air  they  are  louder  than  in  the  ordinary 
atmosphere.  The  wind  modifies  sound.  The  velocity  of  sound  is 
increased  or  diminished  by  the  velocity  of  the  wind,  according  as 
the  direction  of  the  wind  conspires  with  or  opposes  the  propagation. 
The  effect  of  the  wind  is  to  move  the  whole  mass  of  air,  carrying 
along  the  sound-waves  unaltered. 

Sound  is  increased  in  intensity  wlien  the  sonorous  body  is  in  con- 
tact with,  or  ev^n  in  the  neighborhood  of  another  body  capable  of 
vibrating  in  unison  with  it.  Hence  the  sound  of  a  vibrating  cord  is 
reinforced  or  strengthened  by  stretching  it  over  a  thin  box  filled 
with  air,  as  in  the  violin.     In  this  case  the  air  in  the  body  of  the 
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violin  and  the  box  vibrates  in  unison  with  the  cord.  The  ancients 
placed  in  their  theatres  vessels  of  brass,  to  reinforce  and  strengthen 
the  voices  of  the  actors.  The  tuning-fork  is  often  mounted  on  a 
wooden  case,  open  at  one  or  both  extremities.  The  sound  of  the 
vibrating  fork  is  thus  intensified. 

222.  Intensity  of  Sound  in  Tubes.  —  When  a  sound  is 
transmitted  through  a  tube,  the  sound-waves  cannot  diverge 
laterally ;  and,  consequently,  the  sound  is  conveyed  to  a 
great  distance  without  much  loss  of  intensity. 

BiOT  was  able  to  caiTy  on  a  conversation  in  a  low  tone  through 
a  tube  a  thousand  feet  in  length.  He  says  the  sound  was  transmitted 
so  well  that  there  was  but  one  way  to  avoid  being  heard,  and  that 
was  not  to  speak  at  all.  This  property  of  tubes  is  utilized  in  hotels 
and  dwelling-houses,  for  transmitting  messages  from  one  story  to 
another.  The  tubes  employed  for  this  purpose  are  called  speaking- 
tubes. 

223.  The  Speaking-Trumpet.  —  The  Speaking-Trum- 
pet,  as  its  name  implies,  is  a  tin  or  brass  tube,  conical  in 
shape,  emplo^'ed  to  transmit  the  voice  to  a  great  distance. 

The  effect  of  the  speaking-trumpet  has  been  explained  by  succes- 
sive reflections  of  sound-waves  from  the  sonorous  material  of  which 
the  instrument  is  composed,  by  virtue  of  which  the  voice  is  trans- 
mitted only  in  the  direction  of  the  tube. 

But  the  fact  is,  that  the  sound  transmitted  is  not  merely  stronger 
in  direction  of  its  axis,  but  in  all  directions.  This  would  indicate 
that  its  effect  should  be  attributed  to  a  reinforcejnent  of  the  voice  by 
the  vibration  of  the  column  of  air  contained  in  the  trumpet  in  unison 
with  it,  according  to  the  principle  that  sound  is  reinforced  by  an  aux- 
iliary vibrating  body. 

224.  The  Ear-Trumpet.  —  The  Ear-Trumpet  is  em- 
ploj-ed  by  persons  whose  hearing  is  defective.  It  is  simply 
the  speaking-trumpet  reversed,  although  the  principle  is  the 
same.  It  consists  of  a  conical  tube,  turned  in  any  con- 
venient direction,  so  that  the  smaller  opening  may  enter  the 
ear. 

It  serves  to  collect  and  concentrate  the  sound-waves,  which  are 
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thus  enabled  to  produce  a  more  powerful  impression  on  the  drum  of 
the  ear.  The  shape  of  the  ear  in  man  and  in  animals  is  such  as  to 
perform  the  function  of  the  trumpet. 

Summary.  — 

Production  of  Sound. 

Illustrated  by  a  Stretched  Cord. 
Sound-  Waves  in  Air. 

Propagation  illustrated  by  Tuning-Fork  and  Bell. 
Combinations  of  Sound-  Waves. 
Coincidence  and  Interference  of  Sound-  Waves. 
Illustrated  by  a  Tuning-Fork. 
Sound  increased  by  Coincidence  of  Sound-Waves. 
Sound  destroyed  hy  Interference  of  Sound-Waves. 
Examples. 
Beats. 

Definition. 

Illustrated  by  Tuning-Fork. 
Examples. 
Propagation  of  Sound. 

In  the  Air  and  in  a  Vacuum. 
In  Liquids  and  Solids. 
Velocity  of  Sound  in  Air. 

Examples  to  determine  its  Velocity. 
Effect  of  the  Density  and  Elasticity  on  its  Velocity. 
The  Law  of  its  Velocity. 
Velocity  of  Sound  in  Liquids. 

Experiment  to  determine  the  Velocity. 
Velocity  of  Sound  in  Solids. 

Greater  in  Dense  and  Elastic  Bodies. 

Examples  of  its  Velocity  in  different  Solids. 
Reason  for  the  Velocity  of  Sound  through  Liquids 
and  Solids  being  greater  than  through  Air. 
BeflecHon  of  Sound. 

Echoes.  —  How  formed. 

Examples. 
Multiple  Echoes. 
Sound  wasted  by  Reflections. 
Acoustic  Clouds. 
Explanations. 
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Reflection  of  Sound  (contintied). 

Effect  of  these  Clouds  on  Sound. 

Resonance. 
Befraction  of  Sound. 

Illustrated  with  Balloon  and  Watch. 
Intensity  of  Sound. 

Law  of  Intensity. 

Modified  by  the  Wind. 

Modified  by  Contact  with  a  Sonorous  Body. 
Intensity  of  Sound  in  Tubes. 

Speaking-Tube. 
Speaking-  Trumpet. 
Ear-Trumpet. 


SECTION    II. — MUSICAL   SOUNDS. 

225.  A  Musical  Sound  results  from  a  succession  of 
vibrations  at  equal  intervals  and  of  sufficient  rapidit}'. 

226.  Noise  results  from  a  single  impulse,  or  from  a  suc- 
cession of  vibrations  at  irregular  intervals.  Thus,  the  crack 
of  a  whip,  the  discharge  of  a  pistol,  the  rattling  of  thunder, 
the  roar  of  the  waves  of  the  ocean,  are  destitute  of  musical 
value,  and  are  simply  noises. 

The  difference  between  a  musical  sound  and  a  noise  can  be 
illustrated  by  Savart*s  Wheel  (Fig.  159).  This  consists  of 
a  heavy  frame  supporting  two  wheels,  A  and  ^,  which  are 
connected  by  a  band,  D, 

By  turning  the  crank,  M,  the  toothed  wheel,  B,  can  be  made  to 
revolve  with  great  rapidity.  If  a  card  be  held  against  the  teeth, 
when  in  rapid  motion,  a  very  shrill  musical  tone  is  produced,  which 
becomes  less  shrill  as  the  speed  slackens,  until  the  separate  taps  of 
fche  teeth  against  the  card  are  heard. 

We  see  that  when  the  taps  recur  with  sufficient  frequency,  that  is, 
more  than  16  per  second,  so  as  to  form  a  continuous  sound,  the  effect 
is  nmsical.  If  the  card  strikes  jigaiust  the  wheel  less  than  16  teeth 
per  second,  the  separate  taps  only  will  be  heard,  but  no  musical  toue 
will  be  recognized. 
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We  have  at  H  an  apparatus  for  indicating  the  number  of  revolu- 
tions of  the  toothed  wheel.  The  card,  being  struck  by  each  tooth, 
makes  as  many  vibrations  as  there  are  teeth.  Multiply  the  number 
of  revolutions  by  the  number  of  teeth  in  the  wheel,  and  we  have  the 
total  number  of  vibrations.  Divide  the  product  by  the  number  of 
seconds,  and  we  get  the  number  of  vibrations  per  second. 

227.  Pitch  of  Sounds.  —  The  Pitch  of  a  musical  sound 
depends  upon  the  frequenc}'  of  the  vibrations.  This  was 
shown  in  Fig.  159. 


Fig.  159. 

The  faster  the  wheel  turns  the  more  rapid  are  the  vibrations  of 
the  card,  and  the  shriller  is  the  sound,  or,  in  other  words,  the  higher 
the  pitch.     The  slower  the  wheel  turns,  the  reverse  is  the  case. 

228.  Music.  —  Those  sounds  which  result  from  very  rapid 
vibrations  are  called  acute^  whilst  those  which  arise  from  very 
slow  vibrations  are  called  grave. 

The  intensity,  or  loudness,  of  musical  sounds,  as  in  the  case  of 
other  sounds,  depends  on  the  amplitude  of  the  vibrations. 

229.  The  Siren.  —  The  Siren  is  an  instrument  used  for 
producing  musical  tones,  and  at  the  same  time  determining 
the  number  of  vibrations. 

It  consists  (Fig.  160)  of  a  cylindrical  box  of  brass,  (7;  t  is 
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a  tube  opening  into  it  from  below,  for  the  purpose  of  admit- 
ting air.  The  top  of  the  C34inder  is  covered  with  a  brass 
plate,  a  b ;  this  is  perforated  with  four 
series  of  holes  arranged  in  four  con- 
centric circles,  containing  8,  10,  12, 
and  16  apertures  respectively;  de  \s 
a  brass  disk,  also  perforated  with  four 
series  of  holes,  corresponding,  in  their 
general  arrangement  and  distance  from 
one  another,  with  those  in  the  plate, 
ab^  below. 

Through  the  centre  of  this  disk  passes 
a  steel  axis  whose  ends,  p  and  /?',  are 
smoothl}'  bevelled,  />'  to  fit  into  the 
socket,  x^  and  p  to  receive  a  brass  cap 
when  the  instrument  is  read}'  for  use. 

The  pei-forations  do  not  pass  perpen- 
dicularly through  the  plates,  but  slope  in 
opposite  directions,  so  that  when  air  is 
forced  through  the  holes  in  the  lower 
plate,  it  will  impinge  on  one  side  of  the 
holes  in  the  upper  plate,  and  thus  blow  it 
round  in  a  definite  direction.  As  it  re- 
volves, the  holes  in  a  5  are  alternately  opened  and  closed.  The  air 
ooming  into  the  cylinder  through  the  tube,  /,  thus  escapes  through 

the  aperture  in  its  upper  plate  in  a 
succession  of  puffs.  The  puffs  come 
through  slowly  at  first  and  can  be 
counted,  but  as  the  disk  rotates  faster 
and  faster  they  unite  their  vibrations 
into  a  musical  note,  the  pitch  of  which 
is  higher  iu  proportion  to  the  iucrea^se 
of  velocity. 

The  revolutions  of  the  disk  are  i*egis- 
tered  by  means  i)f  tlie  apparatus  sho^^n 
in  Fig.  J6J.     On  tlie  upper  part  of  the 


Ml 

Fig.  161. 
axis  of  the  disk  is  an  endless  screw  connecting  with  a  pair  of  toothed 
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wheels.  By  pushing  a,  the  recording  apparatus  is  set  in  motion,  and 
by  pushing  6  the  motion  is  stopped. 

In  Fig.  162  are  seen  the  graduated  dial-plates  on  the  front  of 
the  Siren.  The  indexes  of  each  dial  are  connected  with  the  clock- 
work just  described.  They  move  over  the  dials  with  the  revolu- 
tions of  the  wheels,  and  register  the  revolutions.  The  stops,  m,  n, 
0,  p,  are  used  to  open  or  close  the  diflferent  series  of  orifices. 

230.  Method  of  determining 
the  Rapidity  of  the  Vibrations 
of  a  Sonorous  Body.  —  Let  air 
be  forced  into  the  Siren  by  means 
of  bellows.  Note  carefully  when 
the  tone  of  the  Siren  blends  with 
that  of  the  sounding  bod}^  the 
number  of  whose  vibrations  we 
wish  to  ascertain.  Suppose  the 
outer  series  to  be  open,  sixteen  in 
number,  allow  the  disk  to  vibrate 
one  minute,  then  read  from  the 
dials  the  number  of  revolutions  it 
has  made. 

We  will  suppose  the  number  to  be 
1440,  but  for  every  revolution  of  the 
disk  there  were  16  puffs  of  air  or 
sound-waves;  therefore  the  whole 
number  is  found  by  multiplying 
1440  by  16,  which  gives  a  result  of  ^'^«'  ^^2- 

23,040.  This  number  also  represents  the  vibrations  of  the  sound- 
ing body.  Divide  this  result  by  60,  and  we  get  384,  the  number 
for  one  second. 

Musical  tones  are  in  unison  when  the  number  of  vibrations  in  a 
second  is  the  same. 

If  the  inner  series  of  holes  should  be  opened,  the  tone  produced 
would  be  an  octave  lower  than  that  made  by  the  outer  row,  the 
vibrations  being  one  half  as  many.  Hence  the  octave  of  any  tone  is 
found  by  multiplying  the  vibrations  of  the  tone  by  2 ;  if  we  double 
the  vibrations  of  the  octave,  we  get  its  octave,  and  so  on. 
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231.  Length  of  the  Sound -Wave.  —  The  distance 
through  which  a  sound-wave  travels  in  one  vibration  of  the 
sonorous  bodj-  is  the  wave-lengthy  and  b}' knowing  the  velocity 
of  sound  for  any  temperature  the  length  of  the  sound-wave 
can  be  easilj'  found. 

Suppose  the  temperature  is  such  as  to  give  a  velocity  of  1120  feet 
per  second  for  the  foremost  wave.  There  are  384  sonorous  waves. 
Dividing  1120  by  384,  we  find  the  length  of  each  wave  to  be  about 
3  feet.  If  the  number  of  waves  be  512,  the  wave-length  would  be 
2  feet  2  inches.  Therefore  the  higher  tones  are  produced  by  the 
shorter  waves;  the  grave,  or  lower  ones,  by  the  longer. 

The  ordinary  pitch  of  a  woman's  voice  is  considered  to  be  an 
octave  above  a  man's  in  the  lower  sounds  of  conversation  j  in  the 
higher,  about  two  octaves.  The  sound-waves  generated  by  a  man's 
vocal  organs  in  ordinary  conversation  are  from  8  to  12  feet,  those  of 
a  woman  2  to  4.  The  human  ear  is  hmited  in  its  range  of  hearing 
musical  sounds.  Helmholtz  has  fixed  the  lower  limit  at  16  vibra- 
tions, and  the  higher  at  38,000,  per  second. 

Summary. — 
Musical  Sounds. 

Diflerenoe  between  a  Musical  Sound  and  a  Noise. 
Illustrated  by  Savart's  Wheel. 

Method  of  finding  the  Number  of  Vibrations  per  Second. 

Pitch  of  Musical  Sounds. 

Illustrated  by  Savart's  Wheel. 

Intensity  of  Musical  Sounds. 
T?ie  Siren, 

Construction. 

Mode  of  Operation. 

Method  of  recording  the  Vibrations  of  a  Sounding  Body. 

Method  of  finding  the  Number  of  Vibrations  per  Second. 

Unison  of  Musical  Tones. 

Rule  for  finding  the  Octave  of  any  Tone. 
Length  of  Sound-  Waves, 
Limit  of  the  Human  Ear  in  hearing  Musical  Sounds. 

232.  Transverse  Vibrations  of  Cords.  —  We  have 
already  seen  (Art.  207)  that  when  a  stretched  cord  is  drawn 
from  its  position  of  equilibrium  and  abandoned,  it  returns  to 
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its  position  of  rest  by  a  succession  of  continually  decreasing 
vibrations. 

Cords  used  in  musical  instruments  are  generallj'  made  of 
catgut  or  of  twisted  wires.  They  are  made  to  vibrate  bj^ 
drawing  a  bow  across  them,  as  in  the  violin ;  by  drawing 
them  aside,  as  in  the  harp  ;  or  by  percussion  with  little  ham- 
mers, as  in  the  piano.  In  all  of  these  cases  the  vibrations 
are  transversal^  that  is,  the  movements  take  place  perpen- 
dicularly^ to  the  direction  of  the  cord. 

The  number  of  vibrations  of  a  stretched  cord  in  any  given  time, 
as  in  one  second,  for  example,  depends  upon  its  length,  its  thickness, 
its  tension,  and  its  density. 


Fig.  163. 


233.  Investigation  of  the  Laws  of  Vibrations.  —  For 
stud3ing  the  vibrations  of  cords,  an  instrument  called  the 
Sonometer  (Fig.  163)  is  used.  In  its  present  form  it  consists 
of  a  wooden  box  about  four  feet  in  length,  upon  which  are 
mounted  two  fixed  bridges,  A  and  i?,  and  a  movable  one,  D. 
On  these  bridges,  two  cords,  CD  and  A  B,  fastened  firmlj^ 
at  one  end  and  passing  over  pulleys  at  the  other  end,  are 
stretched  by  means  of  weights,  P. 

The  following  are  the  laws  that  govern  the  number  of  vibrations 
of  a  cord  in  a  fixed  time  :  — 
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1 .  The  tension  being  constant^  the  number  of  vibrations  varies 
inversely  as  its  length. 

If  a  given  cord  makes  18  vibrations  per  second,  it  will  make  36  if 
its  length  be  reduced  to  one  half,  54  if  its  length  be  reduced  to  one 
third,  and  so  on.  This  property  is  utilized  in  the  violin.  By  apply- 
ing the  finger,  we  viitually  reduce  the  length  of  the  vibrating  portion 
at  pleasure. 

2.  77ie  tension  and  length  being  the  same,  the  number  of  vibra- 
tions varies  inversely  as  its  diameter. 

Small  cords  vibrate  more  rapidly  than  large  ones,  and  consequently 
render  more  acute  sounds.  A  cord  of  any  given  size  makes  twice  as 
many  vibrations  as  one  of  double  the  size.  Other  things  being 
equal,  the  notes  rendered  diflfer  by  an  octave. 

3.  The  length  and  size  being  the  same,  the  number  of  vibrations 
varies  as  the  square  root  of  the  tension. 

If  a  cord  renders  a  given  note,  it  will,  if  its  tension  be  quadrupled, 
render  a  note  an  octave  higher,  and  so  on.  This  property  is  utilized 
in  stringed  instruments  by  means  of  an  apparatus  for  increasing  or 
diminishing  the  tension  at  pleasure. 

4.  Other  things  being  equal,  the  number  of  vibrations  varies 
inversely  as  the  square  root  of  the  density. 

Dense  cords  render  graver  notes  than  those  of  less  density.  Small, 
light,  and  short  cords,  strongly  stretched,  yield  acute  notes.  Large, 
dense,  and  long  cords,  not  strongly  stretched,  yield  gi*ave  notes. 

234.  Verification  of  the  Lav^s. — These  laws  can  be 
verified  as  follows  :  — 

Let  the  cords  be  exactly  alike  and  stretched  by  equal  weights. 
If  the  bridge,  D,  be  moved  so  as  to  render  CD  equal  to  one  half  of 
A  Bj  the  notes  of  the  two  cords  will  difier  by  an  octave ;  that  is, 
CD  will  vibrate  twice  as  fast  as  A  B.  U  CD  be  made  equal  to 
one  third  of  A  B,  by  moving  the  bridge,  Z),  the  former  will  vibrate 
three  times  as  fast  as  the  latter,  and  so  on.  This  verifies  the  first 
law. 

To  verify  the  second  law,  we  remove  the  bridge,  D,  and  use  two 
cords,  one  of  which  is  twice  as  large  as  the  other.  It  will  be  found 
that  the  notes  yielded  will  differ  by  an  octave.     If  one  cord  is  tliree 
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times  as  lai^e  as  the  other,  the  latter  will  be  found  to  vibrate  three 
times  as  fast  as  the  funner. 

To  verify  the  third  law,  let  the  two  cords  be  alike,  and  stretch 
one  by  a  weight  four  times  as  great  as  that  employed  to  stretch  the 
other.     The  notes  will  differ  by  an  octave.     If  the  stretching  force  in 


Fig.  164. 

one  is  nine  times  that  in  the  other  case,  the  former  will  vibrate  three 
times  as  fast  as  the  latter,  and  so  on. 

To  verify  the  fourth  law,  we  make  use  of  cords  equal  in  length, 
size,  and  equally  stretched,  but  of  different  densities.  It  will  be 
found  that  the  law  is  verified  in  every  case. 


Fig.  165. 

235.  The  Formation  of  Nodes.  —  In  the  Sonometer 
the  cord  is  shortened  b}-  means  of  a  movable  bridge  which 
holds  it  firmly.  If,  instead,  we  place  a  feather  on  the  centre 
of  the  cord  (Fig.  164),  and  draw  a  bow  across  one  half  of  it, 
we  shall  get  the  octave  of  the  tone  given  by  the  whole  string. 
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We  can  prove  that  each  part  vibrates  by  itself  if  we  place  a  little 
paper  rider  on  the  centre  of  one  half  the  string,  and  then  draw  the 
bow  acroBS  the  other  half,  keeping  the  feather  meanwhile  on  the 
middle  of  the  whole  string.  The  rider*  will  be  thrown  off  by 
the  vibrations  of  the  part  on  which  it  is  placed. 

Hold  the  feather  one  thh*d  the  distance  from  the  end  of  the  wire 
(Fig.  165);  and  place  a  blue  rider  on  the  centre  of  the  larger  division 
and  a  red  one  on  the  middle  of  each  half  of  this  division.  Draw  the 
bow  over  the  shorter  segment.  The  red  riders  will  be  thrown  off, 
but  the  blue  one  will  remain ;  showing  that  the  larger  division 
vibrates  in  two  equal  segments,  which  are  separated  from  each  other 
by  a  stationary  point  called  a  node. 

If  the  feather  be  removed,  the  entire  string  will  continue  to  vibrate 
in  these  equal  divi^ns  with  the  nodes  between  them.  In  the  same 
way  a  wire  may  be  divided  into  four,  five,  six,  or  any  number  of 
vibrating  parts,  separated  by  nodes.  In  fact,  it  is  impossible  to 
sound  the  whole  cord  without  at  the  same  time  producing,  in  a 
greater  or  less  degree,  the  vibrations  of  its  aliquot  parts. 

236.  Melde's  Vibrations  of  a  String.  —  A  simple  de- 
vice by  Melde  exhibits  the  vibrations  of  a  string  with  great 
beauty  and  delicacy.  One  end  of  a  silk  string  is  attached  to 
a  screw  fastened  to  one  prong  of  a  tuning-fork ;  the  other 
end  is  wound  about  a  peg  some  distance  olf. 

Tighten  the  string  by  turning  the  peg,  until  it  vibrates  as  a 
whole,  when  the  bow  is  drawn  across  the  fork.  The  string  at  once 
expands  into  the  fonn  of  a  spindle  whose  gossamer  threads  present 
a  beautiful  appearance.  Let  the  string  \ye  relaxed  a  little,  and  we 
have  two  vibrating  segments ;  relax  still  more,  and  we  have  three  ; 
and  if  we  continue  the  process,  twenty  and  more  may  be  obtained. 
The  stationary  nodes  contrast  finely  with  the  oscillating  segments. 

237.  Longitudinal  Vibrations.  —  Strings  or  wires  may 
also  be  made  to  vibrate  longitudinally  by  rubbing  them  in 
the  direction  of  their  length  with  a  bow  or  piece  of  chamois- 
leather  covered  with  rosin.  The  sounds  thus  obtained  ai-e 
of  much  higher  pitch  than  those  produced  by  transversal 
vibration.      The  shorter  the  wire  the  more  rapid  the  longitudinal 
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vibrcUions  and  the  higher  the  pitch.  This  is  independent  of  the 
form  or  diameter  of  the  sections.  Rub  one  of  the  wires  of  the 
sonometer  with  resined  leather  in  the  direction  of  its  length, 
and  we  ha^e  a  musical  sound.  Move  the  bridge  so  as  to 
divide  the  wire  into  two  equal  parts,  rub  one  of  the  halves, 
and  the  octave  of  the  whole  wire  is  given.  This  law  holds 
true  in  regard  to  rods  as  well  as  wires.  If  we  change  the 
tension  of  the  wire,  the  longitudinal  vibrations  are  unaltered. 
A  musical  instrument 
to  show  the  longitudinal 
vibrations  has  been  con- 
structed (Fig.  166)  some- 
thing like  a  harp  in 
appearance,  composed  of 
wooden  rods  of  different 
lengths  fixed  at  one  end, 
so  that  notes  of  different 
pitch  are  emitted.  The 
rods  are  set  in  vibration 
by  rubbing  them  with 
the  resined  fingers. 
If  we  grasp  a  long 
Fig.  166.  gig^g  ^yl^g  |jy  j^g  ccntrB       § 

with  one  hand,  and  rub  the  upper  half  briskly       g 

with  a  wet  cloth  in  the  other  hand,  the  longi-       9 

tiidinal  vibrations  may  be  sufficient    to  shiver  Fig.  167. 

the  end  farthest  from  the  hand  into  ring-shaped  fragments,  as  seen 

in  Fig.  167. 

238.  Sympathetic  Vibrations.  —  If  a  tuning-fork  is 
made  to  vibrate,  another  fork  of  the  same  pitch  anywhere  in 
the  vicinity  will  be  thrown  into  vibrations  also  by  the  impact 
of  the  sound-waves  in  the  air ;  if  the  forks  are  mounted  on 
resonant  boxes,  the  sound  will  be  intensified  by  resonance 
and  the  effect  be  better. 

The  sound-board  of  the  violin  vibrating  with  the  strings, 
and,  in  fact,  all  cases  of  resonance  are  really  instances  of 
S3'mpathetic  vibration.     If  a  tone  is  prolonged  by  the  voice 
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near  a  piano,  a  wire  of  the  same  pitch  as  the  tone  will  respond 
to  it.     If  the  pitch  be  changed,  another  wire  will  respond. 

Many  examples  might  be  brought  forward  to  illustrate  this  topic. 
*'  If  two  clocks,  for  example,  with  pendulums  of  the  same  period  of 
vibration,  be  placed  against  the  same  wall,  and  if  one  of  the  clocks 
be  set  going  and  the  other  not,  the  ticks  of  the  moving  clock,  trans- 
mitted through  the  wall,  will  act  upon  its  neighbor.  The  quiescent 
pendulum,  moved  by  a  single  tick,  swings  through. a  very  small  arc, 
but  it  returns  to  the  limit  of  its  swing  just  in  time  to  receive  another 
impulse.  By  continuance  of  this  process  the  impulses  so  add  them- 
selves together  as  finally  to  set  the  clock  going.  It  is  by  this  timing 
of  impulses  that  a  properly  pitched  voic«  can  cause  a  glass  to  ring, 
and  that  the  sound  of  an  organ  can  break  a  particular  ^^dndow-pane." 


Fig.  168.  ^ 

239.  Vibration  of  Plates.  —  Fig.  168  represents  a  plate 
of  metal  supported  at  its  centre.  Sprinkle  some  fine,  dry 
sand  over  it.  Hold  the  thumb  and  finger  on  one  edge  of  the 
plate,  and  draw  the  bow  lightly  across  the  opposite  edge. 

The  sand  at  once  leaves  the  vibrating  parts  and  accumulates  on 
the  nodal  lines.  These  lines  vary  in  number  and  position  accord- 
ing to  the  fonn  of  the  plates,  their  elasticity,  the  mode  of  exci- 
tation, and  the  number  of  vibrations.  By  touching  the  vibrating 
plate  at  diiferent  points,  the  position  of  the  nodal  lines  may  be  deter- 
mined. In  Fig.  169  may  be  seen  some  of  the  nodal  forms  obtained 
by  Chladni. 
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Nodes  may  be  formed  in  a  similar  way  in  bells,  and  all  other 
sounding  bodies. 

240.  Overtones,  or  Harmonics.  —  It  has  been  shown, 
b}'  the  experiments  just  given,  that  a  stretched  string  vibrates 
as  a  whole,  and  at  the  same  time  in  equal  parts.  The  same 
may  be  said  of  any  sounding  body.  Tones  of  simple  charac- 
ter cannot,  therefore,  be  given  out  by  vibrating  bodies. 

When  the  body  vibrates  as  a  whole,  the  tone  produced  is  called 
the  fundamental.  The  higher  tones  are  made  by  the  vibration  of 
the  equal  parts,  and  are  called  harmonics^  or  overtones.  By  pitch 
we  also  mean  the  fundamental  sound. 


fflSj 


SIS 

M 


Fig.  169. 

241.  Quality.  —  Timbre.  —  The  mingling  of  the  over- 
tones with  the  fundamental  determines  the  quality  or  charac- 
ter of  the  sound,  called  by  the  French,  timbre. 

Thus  we  can  understand  why  it  is  when  different  instruments, 
like  the  piano,  the  violin,  or  the  liute,  are  giving  the  same  funda- 
mental sound,  that  they  have  such  different  characteristics  as  to 
enable  us  instantly  to  identify  them.  The  human  voice  is  rich  in 
overtones.  The  superiority  of  one  singer  over  another  is  undoubtedly 
due,  in  a  great  measure,  to  a  much  finer  mingling  of  the  overtones 
with  the  fundamental  tone. 
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242.  Musical  Scale.  —  Gamut.  —  The  ear  not  only  dis- 
tinguishes between  given  sounds,  —  which  is  most  grave,  and 
which  is  most  acute,  —  but  it  also  appreciates  the  relations 
between  the  number  of  vibrations  corresponding  to  each. 
We  cannot  recognize  whether  for  one  sound  the  number  of 
vibrations  is  preciselj^  two,  three,  or  four  times  as  great  as 
for  another,  but  when  the  number  of  vibrations  correspond- 
ing to  two  successive  or  simultaneous  sounds  have  to  each 
other  a  simple  ratio,  these  sounds  excite  an  agreeable  impres- 
sion, which  varies  with  the  relation  between  the  two  sounds. 

From  this  principle  there  results  a  series  of  sounds  charac- 
terized by  relations  which  have  their  origin  in  the  nature  of 
our  mental  organization,  and  which  constitute  ^hat  is  called 
a  musical  scale. 

The  whole  series  of  musical  tones  is  divided  into  octaves,  or 
groups  of  eight  tones  each.  Each  group  constitutes  what  is  called 
the  gamut,  or  diatonic  scale. 

The  notes  are  named  do,  re,  mi,  fa,  sol,  la,  si,  do ;  but  they  are 
designated  by  the  letters  C,  D,  E,  F,  G,  A,  B,  C.  In  the  table 
below  is  given  the  relative  number  of  vibrations  for  each  note,  1 
denoting  the  number  corresponding  to  C :  — 

1  I  I  I  I  t         -¥         2 

CBEFGABC 

The  relative  lengths  of  strings  required  to  produce  the  eight  notes 
of  the  sc^e  are  expressed  by  the  reciprocal  of  these  quantities,  as 
follows ;  — 

1  I  I  I  f  I  A  i 

CBEFGABC 

K  we  know  the  number  of  vibrations  of  (7,  we  can  find  the 
others  by  multiplying  those  of  C  by  the  fractions  placed  over 
the  other  notes  in  the  first  table.  Let  256  represent  the 
vibrations  of  (7,  then  the  following  numbers  will  denote  the 
vibrations  for  each  note  :  — 

256       288       320       341i      384       426f      480       512 
CDEFGABC 
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There  are  really  but  seven  notes  in  what  is  called  the  diatonic 
«cale,  the  eighth  note,  (7,  being  truly  the  first  of  seven  other  notes 
above,  having  relations  to  one  another  similar  to  those  of  the  notes 
below,  and  constituting  another  octave. 

The  results  obtained  in  these  tables  can  be  verified  by  the  Siren 
and  Sonometer. 

243.  Intervals.  —  The  interval  between  any  two  notes  is 
called  a  musical  interval. 

The  numerical  value  of  any  interval  is  found  by  dividing 
the  number  of  vibrations  in  a  given  tone  by  the  number  of 
vibrations  in  that  preceding  it. 

The  intervals  between  consecutive  notes,  called  seconds,  is  given 
in  the  foUowing  table :  — 

etc  A    BioE,    EtoF,    Fto  6?,    GioA,    A  to  B,    BioC. 

I       ¥      if       I      ¥       I      if 

If  the  Interval  comprise  two,  three,  four,  etc.,  seven  notes,  it  is  called 
a  third,  a  fourth,  a  fifth,  etc.,  an  eighth  or  an  octave;  thus,  the 
interval  between  G  and  E  is  a  thirds  and  is  equal  to  j ;  the  interval 
horn  C  to  F  ia  a  fourth,  and  is  equal  I0  f ;  the  interval  from  any 
note  to  the  next  note  of  the  same  name  is  an  octave,  and  is  always 
equal  to  2. 

In  the  following  table  is  a  summary  of  the  results  already  given, 
for  one  octave  of  the  diatonic  scale,  arranged  on  the  musical  stafi" :  — 


* 


w- 


Name  of  interval  . 
Syllables      .    .     . 

Names  by  letters  . 

Relative  number  ? 
of  vibrations  ^ 

^^Tf  °^bratk)nT  (  ^^^'    ^^^    ^^    ^^*   ^^     ^^*   ^^^    ^^^ 
Scale  of  intervals  |      J^d     ^|       |      jyi       |      J| 


1st 

2d 

3d 

4th 

5th 

6th 

7th 

8th 

Do 

Be 

Mi 

Fa 

Sol 

La 

Si 

Do 

G 

D 

E 

F 

G 

A 

B 

G 

1 

1 

1 

1 

1 

f 

¥ 

2 
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244.  Melody.  —  A  number  of  tones  of  like  quality, 
varying  more  or  less  in  pitch,  following  one  another  with 
regularity,  is  called  a  melody. 

The  air  in  a  piece  of  music  is  an  example  of  melody. 

245.  Chords.  —  Harmony.  —  Discord.  —  When  two  or 
more  sounds  are  produced  at  the  same  time,  having  agreeable 
relations  to  one  another,  we  have  a  chord, 

A  succession  of  chords  in  melodious  order  constitutes 
harmony. 

The  atV,  in  music,  with  accompaniment,  is  an  example  of 
harmony. 

When  these  agreeable  relations  do  not  exist,  we  have  discord. 

The  simplest  and  most  agreeable  harmony  occurs  when  the  vibra- 
tions are  equal  in  number;  then  comes  the  octavCy  in  which  the 
number  of  vibrations  corresponding  to  one  sound  is  double  that 
con*esponding  to  the  other;  then  the  fifths  in  which  the  numbers 
are  as  3  to  2 ;  then  the  fourth,  in  which  the  numbers  are  as  4  to  3 ; 
and  finally  the  third,  in  which  the  ratio  is  that  of  5  to  4 

The  more  frequent  the  coincidences  between  the  vibrations,  the 
greater  the  harmony. 

Summary.  — 

Transverse  Vibrations  of  Cords, 
Investigation  of  the  Laws  of  Vibrations, 

Description  of  the  Sonometer. 

Laws  of  Vibrations. 

Verification  of  the  Laws. 
Formation  of  Nodes. 

Illustrated  with  the  Sonometer. 

Position  of  Nodes  on  a  String. 

Vibration  of  the  String  as  a  Whole  or  in  Segmenta 
Longitudinal  Vibrations  of  Wires  and  Bods, 

Experiments. 
Vibration  of  Plates, 

Experiment  with  Plate  and  Sand. 

Chladni's  Nodal  Forms. 
Overtones,  or  Harmonics, 
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Quality  J  or  Timbre^  of  Sounds, 

Musical  Scale. 

Names  of  Notes. 

Letters  used  in  designating  Notes. 

Relative  number  of  Vibrations  of  each  Note,  in 

Tabulated  Form. 
Relative  length  of  Strings  to  give  each  Note,  in 

Tabulated  Form. 
Absolute  number  of  Vibrations  for  each  Note,  in 

Tabulated  Form. 
A  Musical  Interval. 
Tabulated  results  on  the  Musical  Staff. 
Melody.  —  Harmony.  —  Discord. 


BECTION  III.  — OPTICAL  STUDY  OF  SOUNDS.  — MUSICAL  INSTRUMENTS. 
THE  HUMAN  VOICE  AND  EAB.  —  THE  PHONOGRAPH. 

246.  Optical  Study  of  Sounds.  —  It  has  been  shown 
in  a  previous  article  how  the  vibrations  executed  by  a  sono- 
rous body  can  be  counted.  The  Siren  and  Savart*s  Wheel 
are  instruments  used  for  this  purpose. 

During  the  last  few  years  physicists  have  studied  carefully 
the  vibratory  motions  of  sounding  bodies  by  means  of  the 
eye,  and  have  thus  been  independent  of  the  aid  of  the  ear  in 
determining  the  relationship  of  sounds.  A  deaf  person,  by 
this  optical  method,  can  become  skilful  in  judging  of  the 
character  and  pitch  of  sound-waves. 

247.  Lissajous'  Representation  of  Vibrations.  —  One 
of  the  best  methods  of  making  vibrations  apparent  has  been 
devised  by  M.  Lissajous,  a  French  phj'sicist.  He  attaches  a 
small  metallic  mirror  to  one  prong  of  a  tuning-fork,  and  to 
the  other  a  counterpoise  to  secure  regularity  of  vibrations. 
A  ray  of  light  from  a  hole  in  a  darkened  chimney,  a  few 
yards  distant,  is  made  to  strike  this  mirror,  and  from  this  it 
is  reflected  to  another  mirror,  which  sends  it  to  an  achromatic, 
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convergent  lens ;    this  lens  is  so  placed  as  to  project  the 
images  on  a  screen. 

Wheu  the  fork  is  at  rest,  we  have  on  the  screen  a  luminous  point, 
tlie  image  of  the  hole  in  the  chimney ;  when  it  vibrates  the  mirror 
vibrates  with  it,  and  the  point  moves  up  and  down  with  such  rapidity 
as  to  leave  a  line  of  light  on  the  screen.  If  we  rotate  the  fork  while 
it  is  vibrating,  we  get  instead  of  the  straight  line  a  bright  sinuous 
one.  The  position  of  the  parts  is  shown  in  Fig.  170,  except  that 
the  fixed  mirror  takes  the  place  of  the  vertical  tuning-fork. 

248.  Vibratory  Motions  at  Right  Angles.  —  If  we 
use  two  forks,  one  horizontal  and  the  other  vertical,  both 
provided  with  mirrors  and  arranged  as  in  Fig.  170,  we  shall 
have  thrown  on  the  screen  a  variety  of  images. 


Fig.  170. 

If  the  vertical  fork  vibrates,  we  perceive  a  luminous  line  in  a  ver- 
tical direction  ;  if  the  horizontal  one  vibrates,  while  the  vertical  fork 
is  at  rest,  the  luminous  line  is  horizontal. 

If  both  forks  vibrate  at  the  same  time,  the  two  movements  at 
right  angles  will  combine  and  produce  a  luminous  curve,  the  form  of 
which  will  depend  upon  the  number  of  vibrations  of  the  two  forks 
in  a  given  time.  The  arrows  show  the  direction  of  the  ray  of  light 
in  its  passage  to  the  screen.  Some  varieties  of  curve  are  repre- 
sented ill  Fig.  171. 

By  the  aid  of  these  principles,  tuning-forks  can  be  compared  witli 
a  standard  fork  with  greater  precision  than  would  be  the  case  with 
the  most  susceptible  ear. 
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LisSAJOUS'  figures  can  also  be  produced  by  means  of  the  vibra- 
tions of  a  pendulum  in  a  slower  and  easier  way  than  by  means  of 
the  tuning-fork. 

249.  Kaleidophone. — The  optical  study  of  vibrating 
rods  can  be  made  by  means  of  an  apparatus  called  the  kalei- 
dophone. This  can  be  constructed  by  a  very  simple  process. 
Insert,  with  the  aid  of  an  awl,  a  knitting-needle  with  a  glass 
bead  on  the  end,   firmly  in   an  inch  board   several  inches 


Fig.  171. 


square.     Place  the  board  on  a  table,  and  hold  it  tightly  with 
the  hand  while  the  needle  vibrates. 

Allow  the  light  of  a  lamp  to  fall  upon  the  bead  when  still, 
we  have  a  small  spot  on  the  screen  intensely  illuminated ; 
now  cause  the  needle  to  vibrate,  and  the  spot  will  be  drawn 
out  into  a  brilliant  line  which  will  change  into  a  circle  ;  and 
thus  the  character  of  the  vibrations  is  shown. 

250.  Koenig's  Manometric  Flames.  —  Other  ingenious 
instruments  have  been  constructed  for  illustrating  the  optical 
method.     The  apparatus  of  Koenig  transmits  the  movements 
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of  the  sound-waves  to  gas-flames,  and  these,  by  their  pulsa- 
tions, show  the  nature  of  the  sound. 

We  have,  in  Fig.  J  72,  a  metal  capsule,  Aj  in  section.  This  is 
divided  into  two  compartments  by  a  membrane  of  gold-beater's  skin 
or  thin  rubber.  Immediately  below  the  section,  A,  is  seen  the  cap- 
sule supported  on  a  stand ;  on  the  right  is  the  gas-jet,  below  it  the 
tube  for  conveying  the  gas  to  the  compartment  at  the  right  of  the 
membrane;  on  the  left  is  the  tube  for  the  sound-waves  to  reach 
the  membrane.  To  this  may  be  attached  a  rubber  tube,  which  can 
terminate  in  a  mouth -piece  or  be  connected  with  an  organ-pipe. 


Fig.  172. 

When  the  sound-waves  enter  the  mouth -piece  and  tube,  the  thin 
membrane  is  set  vibrating.  The  gas,  while  passing  through  the 
compartment  at  the  left,  is  caused  to  vibrate  in  a  corresponding  way, 
and  thus  the  flame  itself  is  shaken  up  and  down. 

The  changes  in  the  length  of  the  flame  are  scarcely  perceptible 
when  it  is  observed  directly.  But  to  make  them  distinctly  visible 
they  may  be  received  on  a  mirror,  3f,  with  four  faces.  This  is  made 
to  revolve  by  means  of  two  cog-wheels  and  a  handle. 

While  the  flame  burns  steadily  there  Spears  in  the  mirror,  when 
turned,  a  continuous  band  of  light.  But  if  the  fundamental  note  is 
sounded  in  the  tube  on  the  left  of  the  capsule,  the  image  of  the  flame 

Digitized  by  VjQOQIC 


MUSICAL  INSTRUMENTS. 


201 


takes  the  form  represented  in  Fig.  J  73.  If  the  octave  be  sounded, 
the  image  of  the  flame  takes  the  form  seen  in  Fig.  174. 

Many  varieties  of  forms  can  be  produced  when  several  sounds  of 
different  intensities  enter  the  tube  simultaneously. 

These  flames  just  described  are  called  manometric  flames.  The 
succession  of  separate  images  of  the  flames,  which  we  see  on  turn- 
ing the  mirror,  is  due  to  the  fact  that  the  image  of  an  object 
remains  on  the  retina  for  a  little  time  after  the  object  itself  has 
been  removed. 


Fig.  173. 


Fig.  174. 

251.  Stringed  Instruments.  — All  stringed  instruments 
of  music  are  constnicted  in  accordance  with  the  preceding 
laws.  The}^  are  divided  into  instruments  with  Jlxed  sounds, 
and  instruments  with  variable  sounds. 

To  the  former  class  belong  the  piano,  the  harp,  etc.  The}' 
have  a  cord  for  each  note,  or  else  an  arrangement  is  made 
so  that  by  placing  the  finger  at  certain  points,  as  in  the 
guitar,  the  same  cord  may  be  made  to  render  several  notes 
in  succession. 

To  the  latter  class  belong  the  violin,  the  violoncello,  etc. 
They  are  provided  with  cords  of  catgut,  or  sometimes  of 
metal,  put  in  vibration  by  a  bow.     Various  arrangements 
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are  made  for  regulating  the  notes,  such  as  increasing  the 
tension,  placing  the  finger  upon  the  cords,  and  the  like. 
These  instniments  are  difficult  to  play  upon,  and  require 
great  nicety  of  ear,  but  in  the  hands  of  skilful  players  they 
possess  great  power.  They  are  the  soul  of  the  orchestra, 
and  it  is  for  them  that  the  finest  pieces  of  music  have  been 
composed. 

252.  Sound  from  Pipes.  —  When  the  air  in  a  pipe^  or 
hollow  tube,  is  put  into  vibration,  it  3ields  a  sound.  In  this 
case  it  is  the  air  which  is  the  sonorous  body,  the  nature  of 
the  sound  depending  upon  the  form  of  the  pipe  and  the 
manner  in  which  the  vibrations  of  its  contained  air  are  pro- 
duced. 

To  produce  a  sound  from  a  pipe,  the  contaiued  air  must  be  thrown 
into  a  succession  of  rapid  condensations  and  rarefactions,  which  is 
effected  by  introducing  a  current  of  air  through  a  suitable  mouth- 
piece. Two  principal  forms  are  given  to  the  mouth -piece,  in  one  of 
which  the  parts  remain  fixed,  and  in  the  other  there  is  a  movable 
tf>ngue,  called  a  reed. 

253.  Pipes  with  fixed  Mouth-pieces.  —  Pipes  with 
fixed  mouth-pieces  are  of  wood  or  metal,  rectangular  or 
C3'lindrical,  and  always  of  considerable  length  compared  with 
their  cross  section.  To  this  class  belong  the  flute,  the  organ 
pipe,  and  the  like.  Some  of  the  forms  given  to  pipes  of  this 
class  are  shown  in  Figs.  175-179. 

Fig.  175  represents  a  rectangular  pipe  of  wood,  and  Fig.  176 
shows  the  fonn  of  its  longitudinal  section.  P  represents  the  tube 
through  which  air  is  forced  into  it.  The  air  passes  through  a  nar- 
row opening,  t,  called  the  vent.  Opposite  the  vent  is  an  opening  in 
the  side  of  the  pipe,  called  the  mouth.  The  upper  border,  a,  of  the 
mouth  is  bevelled,  and  is  called  the  upper  lip;  the  lower  border  is 
not  bevelled,  and  is  called  the  lower  lip. 

The  current  of  air  forced  through  the  vent  strikes  against  the 
upper  hp,  is  compressed,  and  by  its  elasticity,  reacts  upon  the  enter- 
ing current,  and  for  an  instant  arrests  it.     This  stoppage  is  only  for 
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an  instant,  for  the  compressed  air  finds  an  outlet  through  the  mouth, 
again  permitting  the  flow.  No  sooner  has  the  flow  commenced 
than  it  is  a  second  time  arrested  as  before,  again  to  be  resumed, 
and  so  on. 

This  continued  arrest  and  release  of  the  current  gives  rise  to  a 
succession  of  vibrations,  which  are  propagated  through  the  tube, 
causing  alternate  and  rapid  condensations  and  rarefactions,  which 


r 


Fig.  177. 


Fig.  179. 


result  in  a  continuous  sound.  The  vibrations  are  the  more  rapid  as 
the  current  introduced  is  stronger,  and  as  the  upper  lip  approaches, 
nearrer  the  vent. 

Fig.  177  represents  a  second  form  of  organ  pipe,  which  is 
shown  in  section  in  Fig.  178.  This  is  but  a  modification 
of  the  pipe  already  explained.  The  letters  indicate  the  same 
parts  as  in  the  preceding  figures. 
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An  open  organ-pipe  yields  a  note  an  octave  higher  than  that  of  a 
closed  pipe  of  the  same  length.  When  a  stopped  organ-pipe  sounds 
its  fundamental  note,  the  column  of  air  is  undivided  hy  any  node ;  but 
the  closed  end  will  always  be  a  node,  because  the  air  particles  at  that 
part  are  necessarily  at  rest.  When  an  open  pipe  sounds  its  funda- 
mental note,  the  column  is  divided  by  a  node  at  its  centre.  The 
open  pipe  really  consists  of  two  stopped  pipes  with  a  common  base. 

The  existence  of  nodes  and  vibrating  segments  within  an  organ 
pipe  may  be  shown  by  lowering  into  the  pipe  a  thin  membrane 
stretched  over  a  frame,  with  some  fine,  dry  sand  sprinkled  on  its 
surface.  The  front  of  the  pipe  is  of  glass,  so  that  we  can  see  any 
body  in  it.  When  the  sand  is  in  a  segment  it  will  be  agitated,  bu\ 
when  it  is  4n  a  node  it  will  remain  at  rest. 

If  a  node  is  connected  with  Koenig's  capsule,  the  flame  is  more 
violently  agitated  than  when  a  segment  is  joined.  This  is  owing  to 
the  continual  change  in  the  density  of  the  air  taking  place  at  the 
node,  while  at  a  segment  the  density  is  not  sensibly  changed,  although 
the  air  is  in  a  state  of  vibration. 

Fig.  179  represents  the  form  of  the  mouth-piece  of  the  flageolet, 
and  it  will  be  seen  that  it  bears  a  close  resemblance  to  the  pipes 
already  explained.  In  the  flute,  an  opening  is  made  in  the  side  of 
the  pipe,  which  changes  the  length  of  the  segments  of  the  columns 
of  air  that  are  vibrating,  and  thus  determines  the  pitch  of  the  tone. 
The  arrest  and  flow  of  the  current  are  effected  by  the  arrangement 
of  the  lips  of  the  player. 

254.  Reed  Pipes.  —  In  Reed  Pipes  the  mouth-piece  is 
provided  with  a  vibrating  tongue,  called  a  reed^  by  means  of 
which  the  air  is  put  in  vibration.  To  this  class  belong  the 
clarinet,  the  hautboy,  and  the  like.  The  reed  may  be  so 
arranged  as  to  beat  against  the  sides  of  the  opening,  or  it 
may  play  freely  through  the  opening  in  the  tube. 
,  Figs.  180  and  181  show  the  arrangement  of  a  reed  of  the  first  kind. 
A  piece  of  metal,  a,  shaped  like  a  spoon,  is  fitted  with  an  elastic 
tongue,  I,  which  can  completely  close  the  opening.  A  piece  of 
metal,  r,  which  may  be  elevated  or  depressed  by  a  rod,  5,  serves 
to  lengthen  or  shorten  the  vibrating  part  of  the  reed.  This  arrange- 
ment enables  us  to  diminish  or  increase  the  rapidity  of  vibration  at 
pleasure. 

Digitized  by  VjOOQIC 


MUSICAL  INSTBUMENTS. 


205 


The  month-piece,  as  described,  connects  with  the  tube,  T,  and  is 
set  in  a  rectangular  box,  K  N^  which  is  in  communication  with  a 
bellows,  from  which  the  wind  is  supplied.  For  the  puqjose  of  class 
demonstration,  the  upper  part  of  the  tube,  K  N,  has  glass  windows 
on  three  sides  to^show  the  motion  of  the  reed. 

When  a  current  of  air  is  forced  into  the  tube,  K  Ny  the  reed  is  set 
in  rapid  vibration,  causing  a  succession  of  rarefactions  and  conden- 


Fig.  180. 


Fig.  181. 


Fig.  182. 


sations  in  the  air  of  the  pipe,  T,  and  causing  it  to  emit  a  sound.  The 
air  entering  the  tube,  K  N^  first  closes  the  opening  by  pressing  the 
reed  against  it ;  the  reed  then  recoils  by  virtue  of  its  elasticity,  per- 
mitting a  portion  of  condensed  air  to  enter  the  pipe,  when  the  reed 
is  again  pressed  against  the  opening,  and  so  on  as  long  as  the  current 
of  air  is  kept  up.  It  is  evident  that  the  rapidity  of  vibration  will  be 
increased  by  increasing  the  tension  of  the  air  from  the  bellows,  and 
also  by  shortening  the  vibrating  part  of  the  reed. 
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Fig.  182  shows  the  arrangement  of  the  free  reed.  The  vibrating 
plate,  I,  is  placed  so  as  to  pass  backwards  through  an  opening  in  the 
side  of  the  tube,  ca,  alternately  closing  and  opening  a  communication 
between  the  tube  and  the  air  from  the  bellows.  The  regulator,  r,  is 
entii-ely  similar  to  that  shown  in  Figs.  180  and  181,  as  are  the  remain- 
ing parts  of  the  arrangement.  The  explanation  of  the  action  of  this 
species  of  reed  is  entirely  similar  to  that  already  described. 

255.  Wind  Instruments. 
— Wind  Instruments  of  music 
consist  of  pipes,  either  straight 
or  curved,  which  are  made  to 
sound  by  a  current  of  air  prop- 
erly directed.  *^' 

In  some,  the  current  of  air  is 
directed  by  the  mouth  upon  an 
opening  made  in  the  side,  as  in 
the  flute.  In  others,  the  current 
of  air  is  made  to  enter  through  a 
mouth-piece,  as  in  the  flageolet. 
In  others,  a  reed  is  used,  as  in 
the  clarinet  In  the  organ  there 
is  a  collection  of  tubes,  similar  to 
those  shown  in  Figs.  175  and 
177.  In  some  instruments,  as 
the  trumpet  and  the  horn,  a 
conical  mouth-piece  is  used,  of 
the  form  shown  in  Fig.  183, 
within  which  the  lips  of  the  mu- 
sician vibrate  in  place  of  the 
reed.  The  rapidity  of  vibration 
can  be  regulated  at  will. 

256.  Sounding  Flames. — 
AVhen  a  gas-flame  is  enclosed  in 
a  tube,  open  at  both  ends,  the 
passage  of  the  air  over  it  is  gen- 
erally suflficient  to  produce  the 
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necessary  rhythmic  action,  and  to  cause  it  to  give  out  a 
musical  tone.  Fig.  184  represents  such  a  tube  firmly  held  in 
position  by  clamps,  which  are  fastened  by  screws  to  a  stand. 

By  means  of  the  paper  slider, «,  the  tube  may  be  lengthened  or 
shortened.  While  the  flame  is  sounding,  raise  the  slider,  and  the 
pitch  falls ;  lower  it,  and  the  pitch  rises. 

By  sounding  the  same  note  with  the  voice  or  any  musical  instru- 
ment, the  singing  of  the  flame  may  be  interrupted,  or  caused  to  cease 
entirely ;  or,  when  silent,  to  begin  again. 

257.  Sensitive  Flames,  — Flames  are  affected  hy  sound- 
waves from  musical  tones  even  when  not  enclosed  in  tul)es. 
The  action  of  musical  sounds  upon  such  flames  is  shown  by 
the  vibrations  of  the  gas-lights  in  unison  with  certain  pul- 
sations of  the  music  at  some  instrumental  concert.  This 
phenomenon  does  not  take  place  unless  the  pressure  of  gas  is 
suflSciently  great  to  keep  the  flames  on  the  verge  of  flaring. 

A  long  flame  may  be  shortened  and  a  short  one  lengthened  by 
sonorous  vibrations.  Suppose  we  have  a  long  smoky  flame  and  a 
short,  forked,  and  bright  one,  both  on  the  point  of  flaring;  and 
both  issuing  from  a  very  small  orifice,  like  a  pin-hole  in  a  tube. 
On  sounding  a  whistle,  their  sensitiveness  to  the  sound  vibrations 
is  at  once  apparent.  The  long  flame  becomes  short,  forked,  and 
brilliant;  and  the  forked,  long  and  smoky.  A  flame  may  be  short- 
ened half  its  length  by  striking  two  pieces  of  wood  or  iron  together. 

258.  The  Human  Voice.  —  The  most  perfect  reed  in- 
strument is  the  human  voice.  Across  the  top  of  the  trachea, 
or  windpipe,  are  stretched  two  elastic  bands,  called  vocal 
chords ;  through  the  space  between  the  chords  the  air  passes 
in  and  out  of  the  lungs. 

During  speaking  and  singing  the  space  between  the  chords  is  less 
than  in  ordinary  breathing.  The  voice  is  produced  by  the  air, 
which,  driven  from  the  lungs  and  striking  against  the  chords,  causes 
them  to  vibrate.  The  greater  the  tension  of  the  chords  the  higher 
the  pitch. 

The  mouth,  by  its  resonance,  reinforces  the  sound  given  out  by 
the  vibrating  chords.     By  changing  its  shape  it  can  be  made  to 
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resound  to  the  fandameDtal  tone,  or  any  of  the  overtones  of  the  vocal 
chords. 

259.  The  Human  Ear.  —  A  section  of  the  ear  is  seen 
in  Fig.  185.  It  consists  of  the  external  ear^  so  formed  as  to 
enable  it  to  catch  the  sound-waves.  B  represents  the  auditory 
eanaly  about  an  inch  in  length.  A  circular  membrane,  called 
the  membrane  of  the  tympanum y  closes  the  lower  end  of  it. 

The  drum  of  the  ear,  or  the  tympanum,  is  the  cavity  behind  this 
membrane.    Beyond  the  drum  is  the  labyrinth.     It  consists  of  a 


Fig.  185. 

small  rounded  chamber,  A,  called  the  vestibule;  from  it  open  three 
semicircular  canals,  D,  and  a  spiral  canal,  E,  called  the  cochlea,  from 
its  resemblance  to  a  snail-shell. 

Through  these  canals  the  auditory  nerve  is  distributed.  From  the 
membrane  of  the  tympanum  to  the  membrane  of  the  vestibule  a 
chain  of  three  bones  is  stretched,  the  hammer  attached  to  the  mem- 
brane of  the  tympanum,  the  anvil,  and  the  stirrup  connected  with 
the  membrane  of  the  vestibule.  The  vibrations  of  the  atmosphere 
strike  against  the  membrane  of  the  tympanum,  and  are  conducted 
through  the  chain  of  bones  to  the  second  membrane,  and  thence,  by 
the  auditory  nerve,  to  the  brain.  The  Eustachian  tube,  G,  admits 
air  to  the  drum,  and  thus  keeps  the  density  within  the  same  as  the 
external  air. 
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260.  The  Phonograph.  —  The  Phonograph  is  an  in- 
strument, devised  by  Edison,  to  register  sound-vibrations 
and  to  reproduce  them  at  anj-  time  when  desired. 

It  consists  (Fig.  186)  of  a  simple,  small-sized  iron  cylinder,  (7, 
mounted  upon  a  shaft,  at  one  end  of  which  is  a  crank,  Mj  for  turning 
it,  the  whole  being  supported  by  two  iron  uprights.  In  front  of  this 
cylinder  is  a  movable  arm  that  supports  a  mouth-piece,  E^  of  gutta- 
percha, on  the  under  side  of  which  is  a  disk  of  thin,  elastic  metal. 
Against  the  centre  of  the  lower  side  of  this  disk,  a  fine  steel  point, 
rounded  at  the  end,  is  held  by  a  spring  attached  to  the  rim  of  the 
mouth-piece.  An  india-rubber  cushion  between  the  point  and  disk 
controls  the  vibrations  of  the  spring. 

The  cylinder  is  covered  with  a  fine  spiral  groove  running  con- 
tinuously from  end  to  end,  the  threads  being  about  ^  of  an  inch 
apart.     It  works  on  a  screw,  A  A',  the  thread  of  which  is  the  same 


Fig.  186. 

as  that  on  the  cylinder.  It  is  turned  by  the  handle,  3f,  the  motion 
being  regulated  by  a  heavy  tiy-wheel.  The  position  of  the  mouth- 
piece and  its  pressure  against  the  tinfoil  are  adjusted  by  the  arrange- 
ment, Lvm. 

In  using  the  phonogi-aph,  a  sheet  of  tinfoil  is  wrapped 
closely  around  the  cylinder.  The  mouth-piece  is  then  ad- 
justed against  the  left-hand  end  of  the  cylinder  so  closely, 
that  when  one  speaks  or  sings  into  the  mouth-piece,  and  at 
the  same  time  turns  the  crank  with  a  uniform  motion,  the 
disk  is  made  to  vibrate,  and  the  steel  point  presses  upon  the 
tinfoil  in  the  groove,  leaving  upon  it  a  series  of  minute  in- 
dentations. 

In  order  to  reproduce  the  words,  the  cylinder  is  turned 
back  so  that  the  steel  point  may  go  over  the  indentations 
made  b3'  speaking  into  the  mouth-piece. 
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On  turning  the  crank  again,  the  point  is  made  to  work  along  the 
indentations  in  the  groove.  This  sets  the  disk  vihrating,  and  the 
vibrations;  being  communicated  to  the  ear,  reproduce  the  sound. 

A  funnel  is  generally  inserted  into  the  mouth-piece,  to  be  used  as 
an  ear-piece  when  the  sound  is  being  reproduced. 

Speech  which  has  been  recorded  on  the  tinfoil  may  be  kept  for  an 
indefinite  period. 

261.  Energy  of  Sound  Vibrations. — In  order  to  make 
a  body  vibrate  force  must  be  applied  to  it.  It  then  exhibits 
energy  of  motion,  or  kinetic  energy,  and  this  energy  is  trans- 
mitted to  other  bodies  in  its  vicinity. 

If  a  bow  be  drawn  across  the  wire  of  the  Sonometer,  the  force 
thus  applied  causes  it  to  vibrate  with  an  energy  which  is  propor- 
tional to  the  square  of  the  amplitude  of  the  vibrations. 

The  vibrating  body  will  come  to  rest  when  all  its  energy  has  beeu 
imparted  to  the  surrounding  bodies.  This  conduction  varies  accord- 
ing to  the  nature  of  the  substance  in  contact  with  it ;  some  bodiea 
conveying  away  the  energy  much  quicker  than  others. 

If  a  tuning-fork  is  set  vibrating,  and  the  stem  rested  on  a  table, 
it  will  not  vibrate  so  long  as  it  would  if  the  stem  had  been  held 
between  the  thumb  and  finger. 

Summary.  — 

Optical  Sttidy  of  Sounds, 

Lissajous'  Representation  of  Vibrations. 
Experiments  with  Tuning- Fork. 

Vibratory  Motions  at  Right  Angles. 

Lissajous'  Figures  produced  by  Pendulum. 

Kaleidophone. 

Description  of  Koenig's  Apparatus. 
Mode  of  Operatiou. 
Musical  Instruments. 

Stringed  Instruments. 

Sound  from  Pipes. 

Pipes  with  Fixed  Mouth-pieces. 

Reed  Pipes. 
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CHAPTER    VII. 

HEAT. 
SECTION    I.  —  GENERAL   PROPERTIES   OF   HEAT. 

262.  Definition  of  Heat.  —  Heat  is  the  physical 
ageot  that  produces  the  sensation  we  call  warmth;  the 
term  heat  is  also  applied  to  the  sensation  itself. 

263.  Nature  of  Heat.  —  We  can  regard  heat  as  molecu- 
lar energy  of  motion^  or  molecular  kinetic  energy.  This  motion 
consists  of  ver}'^  rapid  vibrations,  or  oscillations,  of  the  mole- 
cules of  a  substance.  Those  bodies  are  hottest  whose  mole- 
cules vibrate  with  the  greatest  velocity  and  through  the 
greatest  amplitudes. 

The  tenn  cold  is  used  as  a  convenient  term  to  express  diminution 
of  heat,  but  not  the  entire  absence  of  it,  for  no  substance  is  supposed 
to  be  wholly  devoid  of  heat,  and  hence  the  molecules  of  every  body 
are  presumed  to  be  in  continual  motion  at  all  times  and  under  all 
circumstances. 

This  energy  of  motion  may  be  transmitted  from  one  body  to  an- 
other through  an  elastic  medium  called  ether,  that  pervades  all 
matter  and  infinite  space,  in  the  same  way  that  sound  is  transmitted 
through  the  air,  that  is,  by  means  of  waves. 

Heat,  then,  since  it  can  pass  from  one  body  to  another  or  be 
kept  in  a  body  for  any  time,  is  a  measurable  quantity. 

The  emission,  or  caloric,  theory  supposes  it  to  be  a  substance,  a 
fluid  destitute  of  weight,  capable  of  passing  from  one  body  to  another 
with  great  velocity.  Its  particles  repel  one  another,  and  therefore 
oppose  the  attractive  force  of  cohesion.  The  entrance  of  this  sub- 
stance into  our  bodies  produces  the  sensation  of  warmth ;  its  egress, 
the  sensation  of  cold. 
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This  theory  is  now  generally  discarded  in  &vor  of  the  one  already 
given,  which  is  called  the  imdulaiory,  or  wave  theory.  The  latter 
affords  a  better  explanation  of  the  phenomena  of  heat,  and  at  the 
same  time  serves  to  show  the  intimate  relation  between  heat  and 
light. 

We  shall  also  see,  further  on,  that  heat  may  be  transformed  into 
something  which  is  not  a  substance  at  all,  namely,  mechanical  work. 

264.  General  Effects  of  Heat. — Heat  may  act  on  a 
body  in  three  ways.  One  portion  may  be  expended  in  pro- 
moting the  warmth  of  the  body,  that  is,  by  increasing  the 
energy  of  motion  of  the  vibrating  molecules.  A  second 
portion  acts  as  a  repellent  power,  counteracting  the  force  of 
cohesion  and  enlarging  the  amplitude  of  the  molecular  vibra- 
tions. This  latter  action  causes  an  increase  in  the  volume  of 
the  bodj',  or  completely  alters  the  relative  position  of  the 
molecules  and  produces  a  change  of  state ;  as  when  a  solid 
is  changed  into  a  liquid,  or  a  solid  or  liquid  into  a  gas  or 
vapor. 

These  two  effects  may  be  classed  under  the  head  of  internal 
work. 

The  third  portion  is  required  to  overcome  tiie  external 
pressure  of  the  atmosphere,  which  must  be  forced  back  so 
that  the  body  may  expand. 

This  may  be  called  external  work. 

When  the  body  cools,  the  force  of  cohesion  which  was  over- 
come by  the  repellent  force  of  the  heat,  now  reasserts  its 
power  and  draws  together  the  molecules.  Hence  we  say  that 
heat  expands  bodies,  and  cold  contracts  them. 

265.  Expansion  of  Bodies  by  Heat. — All  bodies  are 
expanded  by  heat,  but  in  very  different  degrees.  As  a  gen- 
eral rule,  the  most  expansible  bodies  are  gases,  then  liquids, 
and  lastly  solids. 

In  solids,  which  have  definite  figures,  we  have  three  kinds  of 
expansion,  —  Unear  eocpanston,  that  is,  expansion  in  length  }  super- 
ficUd  expansion,  or  expansion  in  two  dimensions ;  cubicaly  or  volume 
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eoDpansiony  that  is,  expansioii  in  three  cdmensions.  As  a  matter  of 
fact,  however,  no  one  of  these  takes  place  without  the  other.  As 
liquids  and  gases  have  no  definite  forms,  expansion  of  volume  is 
alone  applicable  to  them. 

266.  Expansion  of  Metals.  —  Fig.  187  represents  the 
method  of  showing  and  measuring  the  linear  expansion  of  the  metals 
by  means  of  an  instrument  called  the  pyrometer.  A  rod  of  metal,  A, 
passes  through  two  metallic  supports,  being  made  SasX  at  one  extrem- 
ity by  a  clamp-screw,  By  and  being  free  to  expand  at  the  other  ex- 
trinity.  The  free  end  abuts  against  the  short  end,  C,  of  a  lever, 
the  long  end,  D,  of  which  plays  in  front  of  a  graduated  arc. 


^(^^  ^ 


Fig.  187. 


When  the  rod  is  heated,  by  placing  fire  beneath  it,  as  shown  in 
the  figure,  the  rod,  -4,  expands,  and  the  expansion  is  shown  by  the 
motion  of  the  index,  D.  When  the  rod,  .4,  is  of  steel,  copper,  silver, 
etc.,  the  amount  of  expansion  varies,  as  is  shown  by  the  difierent 
amounts  of  displacement  of  the  index.  Brass,  for  example,  expands 
more,  for  the  same  amount  of  heat,  than  iron  or  steel. 

Fig.  188  shows  the  method  of  demonstrating  that  bodies  undergo 
an  expansion  in  volume  when  heated.  A  ring,  Aj  is  constructed 
so  that  a  ball,  B,  passes  freely  through  it  when  cold.  If  the  ball  be 
heated  in  a  furnace,  it  will  no  longer  pass  through  the  ring ;  but  if 
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allowed  to  cool,  it  again  falls  through  the  ring.     The  method  of 
making  the  experiment  is  fully  shown  in  the  figure. 

267.  Unequal  Expansion  of  Metals.  —  In  Fig.  189 
we  have  shown  a  simple  contrivance  for  illustrating  the  unequal  ex- 
pansion of  different  metals.  Two  hars  of  iron  and  hrass  are  riveted 
together  at  different  points  along  their  whole  length,  forming  one 
compound  bar. 


Fig.  188. 

When  such  a  bar  is  heated,  the  brass  expands  more  than  the  iron, 
and  the  bar  curves,  as  represented  in  Fig.  189,  in  order  to  accom- 
modate the  inequality  of  length  which  thus  results.  When  the  bar 
has  returned  to  its  original  temperature,  it  assumes  its  rectilinear 
form,  to  bend  again  in  the  opposite  direction  if  it  be  afterwards  sub- 
jected to  cooling.  The  unequal  expansion  of  different  metals  is  also 
shown  in  the  compensation  pendulums,  pages  58,  59. 


Fifir.  189. 


268.  Expansion  of  Liquids  and  Gases. — Liquids  and 
gases  being  more  expansible  than  solids,  their  expansion  is  more 
easily  shown  by  experiment.  For  liquids,  we  take  a  hollow  glass 
sphere,  terminating  in  a  narrow  tube,  open  at  the  top,  and  fill  the 
globe  and  a  portion  of  the  stem  with  some  fluid  like  mercury,  as 
shown  in  Fig.  190.  If  heat  be  applied  to  the  globe,  the  liquid  will 
rise  in  the  stem  from  a  towards  6,  indicating  an  increase  of  volume ; 
and  if  suflScient  heat  be  applied,  the  .liquid  will  fill  the  stem,  and 
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will  ultimately  be  converted  into  vapor.  If  the  liquid  is  allowed 
to  cool,  it  again  returns  to  its  original 
volume. 

An  analogous  experiment  shows  the 
expansion  of  gases  and  vapors.  A 
bulb  of  glass  is  provided  with  a  long 
and  fine  tube  of  the  same  material, 
which  is  bent  twice  upon  itself,  as 
shown  in  Fig.  191.  An  index  of  mer- 
cury is  introduced  into  the  stem  in  the 
following  manner.  The  bulb  is  heated, 
and  a  portion  of  the  air  which  it  con- 
^  i         tains  is  driven  out,  when  a  drop   of 

mercury  is  poured  into  the  funnel,  a. 
If  the  instrument  is  allowed  to  cool,  the 
air  in  the  bulb  contracts,  and  the  pres- 
sure of  the  atmosphere  drives  the  drop 
of  mercury  along  the  tube  to  some 
position,   m. 

The  instrument  having  been  pre- 
pared in  this  manner,  if  the  bulb  is  held 
in  the  hand  for  a  few  minutes,  the  air 
becomes  heated  and  expands,  the  ex- 
pansion being  indicated  by  the  index 
^^  "^^  moving  to  some  new  position,  as  n.     If 

Fig.  190.  Fig.  191.         allowed  to  cool,  the  index  returns  to  m. 

Summary.  — 

Definition  of  Heat 
Nature  of  Heat 

The  Undulatory,  or  Wave  Theory  of  Heat. 

The  Emission,  or  Caloric  Theory  of  Heat. 
General  Effects  of  Heat 

Internal  Work. 

External  Work. 

Heat  expands  Bodies. 

Cold  contracts  Bodies. 


Expansion  of  Bodies  by  Heat 
Expansion  of  Metab. 


Digitized  by  VjOOQIC 


THE  THERMOMETER.  217 

Expansion  of  Bodies  by  Heat  {continued). 

Experiments. 
Unequal  Expansion  of  Metals. 
Expansion  of  Liquids  and  Gases. 

Experiments. 


SECrriON    II.  —  TEMPERATURE.  —  THE   THERMOMETER. 

269.  Temperature.  —  The  temperature  of  a  body  is  that 
property  that  gives  it  the  power,  to  a  greater  or  less  extent, 
of  imparting  sensible  heat  to  other  bodies. 

By  the  tenn  sensible  heat  is  meant  that  portion  of  heat  that  in- 
creases the  warmth  of  the  body. 

When  one  body  gives  off  sensible  heat  to  another,  the  former  is 
said  to  have  a  higher  temperature  than  the  latter,  or  to  be  warmer. 

The  temperature  of  a  body  must  not  be  confounded  with  the  quan- 
tity of  heat  it  possesses ;  a  body  may  have  a  high  temperature  and 
yet  have  a  very  smaU  quantity  of  heat,  a  low  temperature  and  a 
large  amount  of  heat.  Quantity  of  heat  will  be  treated  of  under  the 
subject  of  Specific  Heat 

270.  The  Thermometer.  —  A  Thermometer  is  an  in- 
strument for  measuring  temperatures. 

Our  bodily  sensations  cannot  serve  as  a  sure  guide  in 
measuring  temperature.  A  bodj'  may  seem  hot  and  cold  to 
the  same  person  at  the  same  time.  If  we  place  one  hand 
into  pulverized  ice  and  the  other  into  water  at  about  100°  F., 
and,  after  allowing  them  to  stay  awhile  in  this  position, 
plunge  them  simultaneously  into  water  at  70°,  the  hand  from 
the  ice  will  feel  warm,  but  the  one  from  the  hot  water  will 
experience  a  sensation  of  cold. 

We  must  have  a  more  accurate  and  constant  standard  of 
reference,  and  this  is  found  in  the  thermometer. 

The  thermometer  depends  upon  the  principle  that  bodies  expand 
when  heated,  and  contract  when  cooled.  Thermometers  have  been 
constructed  of  a  great  variety  of  materials.     For  common  purposes, 
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the  mercurial  thermometer  is  prefeiTcd,  on  account  of  the  unifonnity 
with  which  both  mercury  and  glass  expand  when  heated. 

It  consists  of  a  bulb  of  glass^  at  the  upper  extremity  of  which 
is  a  narrow  tube  of  uniform  bore,  hermetically  sealed  at  its  upper 
end.  The  bulb  and  a  part  of  the  tube  are  filled  with  mercury,  and 
the  whole  is  attached  to  a  frame  on  which  is  a  scale  for  measuring 
the  rise  and  fall  of  the  mercury  in  the  tube. 


271.  Method  of  making  a  Thermome- 
ter. —  A  capillary  tube  of  glass  is  provided,  of 
uniform  bore,  upon  one  end  of  which  a  bulb  is 
blown,  and  upon  the  other  a  funnel,  as  shown  in 
Fig.  192. 

The  funnel  is  nearly  filled  with  mercury,  which  is 
at  first  prevented  from  penetrating  into  the  bulb  by 
the  resistance  of  the  air  and  the  smallness  of  the 
tube.  The  bulb  is  therefore  heated,  when  the  air 
within  expands,  and  a  portion  escapes  in  bubbles 
through  the  mercury.  On  cooling,  the  pressure  of 
the  external  atmosphere  forces  a  quantity  of  mercury 
through  the  tube  into  the  bulb.  By  repeating  this 
operation  a  few  times,  the  bulb  and  a  portion  of  the 
tube  are  filled  with  mercury. 

The  whole  is  then  heated  till  the  mercury  boils, 
thus  filling  the  tube,  when  the  funnel  is  melted  off 
and  the  tube  hermetically  sealed  by  means  of  a  jet  of 
flame  urged  by  a  blow-pipe.  On  cooling,  the  mer- 
cury descends  to  some  point  of  the  tube,  as  shown  in 
Fig.  193,  leaving  a  vacuum  at  the  upper  end.  It 
only  remains  to  graduate  it,  and  attach  a  suitable 
Figs.  192,  lOa    scale. 


272.  Method  of  Grraduation.  —  Two  pomts  of  the  stem 
are  first  determined,  the  freezing  and  the  boiling  points.  These  are 
determined  on  the  principle  that  the  temperatures  at  which  distilled 
water  freezes  and  boils  are  always  constant,  that  is,  when  these 
changes  of  state  take  place  under  equal  atmospheric  pressures. 

The  instrument  is  first  plunged  into  a  bath  of  melting  ice,  as 
shown  in  Fig.  194,  and  is  allowed  to  remain  until  it  takes  the  tem- 
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perature  of  the  mixture,  say  twenty  or  thirty  minutes.  A  slight 
scratch  is  then  made  on  the  stem  at  the  upper  surface  of  the  mer- 
cury, and  this  constitutes  the  freezing-point 

The  instrument  is  next,  plunged  into  a  hath  of  distilled  water,  in 
a  state  of  ebullition,  care  being  taken  to  surround  it  with  steam  by 


Fig.  194. 


Fig.  195. 


means  of  an  apparatus  like  that  shown  in  Fig.  195.  Aftor  tlie  mer- 
cury ceases  to  rise  in  the  tube,  which  will  be  in  a  few  minutes,  the 
level  of  its  upper  surface  is  marked  on  the  stem  by  a  scratch,  as 
before,  and  this  constitutes  the  hoiling-point. 

The  space  between  the  boiling  and  freezing  points  is  then  dixdded 

d  by  Google 


Digitized  b 


220 


HEAT. 


into  a  certain  number  of  equal  parts,  and  the  graduation  is  continued 
above  and  below  as  far  as  may  be  desired.  These  divisions  may  be 
scratched  upon  the  glass  with  a  diamond;  or,  as  is  usually  done, 
they  may  be  made  on  a  strip  of  metal,  which  is  attached  to  the 
frame.  The  divisions  are  numbered  according  to  the  kind  of  scale 
adopted. 

273.  Thermometric  Scales.  —  Three  principal  scales 
are  used:  the  Centigrade  scale^  in  which  the  space  between 
the  freezing  and  boiling  points  is  divided 
into  100  equal  parts,  called  degrees  ;  Reau- 
mur's sccUe^  in  which  the  same  space  is  divided 
into  80  equal  parts,  called  degrees  ;  and  Fah- 
renheit's scalcj  in  which  this  space  is  divided 
into  180  equal  parts,  also  called  degrees. 

In  the  centigrade  scale,  the  freezing- 
point  is  marked  0,  and  the  degrees  are 
numbered  both  up  and  down,  the  former 
numbers  being  considered  positive,  and 
designated  by  the  sign  + ,  whilst  the  latter 
are  considered  negative,  and  designated  by 
the  sign  — .  Of  course  the  boiling  point  is 
marked  100°. 

The  signs  -|-  and  —  are  used  also  in  B^u- 
3241  mur's  and  Fahrenheit's  thermometers  to  indicate 
degrees  respectively  above  and  below  the  zero 
point. 

I  ill  11  ^^  Reaumur's  scale,  the  freezing-point  is 
||i  H  marked  0,  and  the  boiling-point  80°.  The 
|l  II  degrees  below  freezing  are  marked  as  in  the 
III       II     centigrade  scale. 

In  Fahrenheit's  scale,  which  is  the  one 
^        fa       ^      principally  used  in  the  United  States,  the 
J^       I         I      zero  point  is  taken  32°  below  the  freezing- 
^        *s       ^     point,  and  the  divisions  are  numbered  fix)m 
Fig.  196.  this  point  both  up  and  down.     The  boiling- 

point  of  distilled  water  is  212°. 
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Fig.  196  represents  the  thermometric  scales,  with  the  freezing 
and  boiling  points  indicated  upon  them. 

It  is  usual,  in  stating  temperatures,  to  indicate  the  scale  referred 
to  by  the  initial  letters  F.,  C,  R. 

274.  Conversion  of  Centigrade  and  R6aumur's  De- 
gree's into  Fahrenheit's. — A  degi*ee  on  the  centigrade  scale 
is  equal  to  one  and  eight  tenths  of  a  degree  on  the  Fahrenheit  scale, 
and  one  on  Reaumur's  scale  is  equal  to  two  and  a  quarter  on  Fahren- 
heit's. Hence,  to  convert  the  reading  on  a  centigi^ade  to  an  equiva- 
lent one  on  Fahrenheit's  sc^le,  multiply  it  by  1.8  and  add  to  the 
result  32°.  Thus,  a  reading  of  25°  centigrade  is  equivalent  to  25°  X 
J.8  -[-  32°,  or  77°  F.  To  convert  a  reading  on  Reaumur's  scale  to 
an  equivalent  one  on  Fahrenheit's,  multiply  by  2^,  and  to  the  result 
add  32°.  Thus,  a  reading  of  24°  Reaumur  is  equivalent  to  24°  X 
^  +  32°,  or  86°  F. 

By  reversing  the  above  processes,  readings  on  Fahrenheit's  scale 
may  be  converted  into  equivalent  ones  on  the  centigrade  or  Reau- 
mur's scale. 

The  rules  for  the  conversion  of  the  three  thermometric  scales  may 
be  summed  up  in  the  following  formulas,  in  which  F,  C,  and  R 
denote  equivalent  temperatures  expressed  in  degrees  of  the  three 
scales '  ~~~' 

F  =  iC  +  32  =  fR  +  32  (1) 

C  =  |R=|(F  — 32)  (2) 

R  =  |C  =  *(F-32)  (3) 

275.  Alcohol  Thermometers.  —  An  Alcohol  Ther- 
mometer is  similar  to  a  mercurial  one  in  all  respects,  except 
that  alcohol,  tinged  red,  is  used  in  place  of  the  mercury. 

Because  alcohol  does  not  expand  regularly  with  a  regular  increase 
of  temperature,  the  alcohol  thermometer  has  to  be  graduated  by 
experiment,  comparing  it  degree  by  degree  with  a  standard  mercurial 
thennometer.  The  degrees,  in  fact,  increase  in  length  as  we  ascend 
on  the  scale. 

An  alcohol  thennometer  is  more  easily  filled  than  a  mercurial  one, 
no  funnel  being  required.  The  bulb  is  heated  xrniW  a  portion  of  the 
contained  air  is  driven  off,  and  then  the  open  end  of  the  tube  is 
plunged  into  a  vessel  of  alcoliol.     As  the  air  in  the  bulb  cools,  the 
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pressure  of  the  external  atmosphere  forces  a  portion  of  alcohol  op 
into  the  bulb.  If  this  be  boiled,  the  vapor  of  alcohol  will  expel  the 
remainder  of  the  air,  and  by  dipping  the  open  end  of  the  tube  into 
the  alcohol  once  more,  the  bulb  will  be  completely  filled,  when  it 
again  becomes  cool.  The  instrument  is  then  treated  like  the  mercu- 
rial thermometer. 

276.  Relative  Advantages  of  Mercurial  and  Al- 
cohol Thermometers.  —  For  ordinary  purposes,  the  mercurial 
thermometer  is  to  be  preferred,  on  account  of  the  uniformity  with 
which  the  mercury  expands  with  a  uniform  increase  of  temperature. 
But  mercury  congeals  at  39°  below  0  of  the  Fahrenheit  scale,  and 
where  a  lower  temperature  than  this  is  to  be  observed,  it  becomes 
absolutely  necessary  to  employ  the  spirit  thermometer.  In  the 
severe  cold  of  the  polar  regions,  mercury  often  congeals,  but  no 
degree  of  cold  has  yet  been  obtained  that  wiU  congeal  absolute 
alcohol. 

For  high  temperatures,  mercury  only  is  capable  of  being  used : 
this  liquid  does  not  boil  till  raised  to  662°  F.,  whilst  alcohol  boils  at 
174°  F.  The  latter  .liquid  cannot  therefore  be  used  to  observe 
temperatures  higher  than  174°  F.,  nor  can  it  be  relied  upon  even  for 
temperatures  considerably  lower  than  this. 

It  is  to  be  observed  that  mercury  cannot  be  relied  upon  for  tem- 
peratures lower  than  32°  below  0,  on  account  of  irregularities  in  its 
rate  of  contraction  below  that  limit. 

Alcohol  has  also  the  disadvantage  of  being  slower  in  its  action 
than  mercury,  on  account  of  its  inferior  conducting  power. 

277.  Rules  for  using  a  Thermometer.  —  Before  not- 
ing the  height  of  the  mercurial  column,  the  instrument  should 
be  allowed  to  acquire  the  temperature  of  the  medium  in  which 
it  is  placed.     This,  in  general,  will  require  some  minutes. 

In  determining  the  temperature  of  a  room,  the  thermometer 
should  not  be  hung  against  the  walls,  but  should  be  freely  sus- 
j>ended,  so  as  to  take  the  temperature  of  the  atmosphere.  When 
hung  against  a  wall,  especially  an  outer  wall,  an  en*or  of  sevei-al  de- 
grees may  result.  In  like  manner,  if  hung  against  a  M^all  containing 
a  flue,  or  adjoining  another  room  of  difierent  temperature,  a  similar 
error  of  several  degrees  might  result. 
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To  determine  the  temperature  of  the  atmosphere,  the  thermome- 
ter should  be  freely  suspended  in  the  air,  at  some  distance  from  any 
building  or  tree.  It  should  be  sheltered  from  the  direct  action  of  the 
sun's  rays,  as  well  as  fiom  the  influence  of  reflecting  substances. 
Furthermore,  it  should  be  protected  from   winds  and  currents  of 


278.   The  Differential  Thermometers.  —  A  Differ- 
ential Thermometer  is  a  thermometer  contrived  to  show 


Fig.  197. 

the  difference  of  temperature  between  two  places  near  each 
other.  The  two  principal  forms  of  the  differential  thermome- 
ter are  Rumford's  and  Leslie's. 

They  are  based  on  the  expansion  of  air,  and  are,  therefore,  air 
thermometers.  These  instruments  are  not  afiected  by  the  varying 
pressure  of  the  atmosphere,  as  many  air  thennometers,  and  arc,  con- 
sequently, less  inaccurate. 

279.  Rumford's  Differential  Thermometer.  — Rum- 
ford's  Differential  Thermometer  is  represented  in  Fig. 
197. 
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It  consists  of  two  bulbs  of  thin  glass,  A  and  B^  oonneeted 
by  a  fine  tube  bent  twice  at  right  angles,  as  shown  in  the 
figure.  The  whole  apparatus  is  attached  to  a  suitable  frame, 
which  supports  a  scale  parallel  to  the  horizontal  branch  of 
the  connecting  tube.  The  0  of  the  scale  is  at  its  middle 
point,  and  the  graduation  is  continued  from  it  in  both  direc- 
tions. The  bulbs  and  a  large  part  of  the  connecting  tube  are 
filled  with  au' ;  there  is,  however,  in  the  tube  a  small  drop  of 
fluid  which  separates  the  air  in  the  two  extremities. 

The  instmnaeut  is  so  constructed  that  the  index  n  is  at  the  0  of 
the  scale  when  the  tempei-ature  of  the  two  bulbs  is  the  same.  When 
one  of  the  bulbs  is  heated  more  than  the  other,  the  air  in  it  expands 
and  drives  the  index  towards  the  other,  until  the  tensions  of  the  air 
in  the  two  bulbs  exactly  balance  each  other. 

The  scale  is  divided  by  experiment  by  the  aid  of  a  standard  mer- 
curial thermometer. 

280.  Leslie's  Differential  Ther- 
mometer. —  Leslie's  Differential 
Thermometer  is  shown  in  Fig.  198. 
It  differs  from  Rumford's  in  having 
the  bulbs  smaller,  and  in  containing  a 
longer  column  of  liquid  in  the  tube. 
The  scales  are  placed  by  the  sides  of 
the  vertical  portions  of  the  tube,  hav- 
ing their  0  points  at  the  middle. 
There  is,  then,  a  double  scale.  The 
method  of  graduating  and  using  this 
thermometer  is  the  same  as  that  de- 
scribed in  the  last  article. 

But  of  all  instruments  for  detecting  and 
measuring  slight  differences  of  tempera- 
^^'  ture,  the  most  delicate  and  accurate  is  the 

thermo-electric  pile,  which  will  be  described  hereafter. 

281.  Pyrometer. — A  Pyrometer  is  an  instrument  for 
measuring  higher  temperatures  than  can  be  observed  by 
means  of  the  mercurial  thei-mometer. 
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The  most  important  pyrometers  are  those  of  Wedgewood 
and  Brogniart.  The  former  is  founded  on  the  diminution 
of  the  volume  of  clay  at  high  temperatures,  and  the*  latter 
(Fig.  187)  on  the  principle  of  the  expansion  of  metals.  The 
indications  of  these  instruments  are  ver}^  untrustworthy,  and 
they  have  gone  substantially  out  of  use. 

The  arraDgements  now  used  for  measuring  the  higher  tempera- 
tures are  based  on  the  expansion  of  gases  and  vapors,  or  on  the 
electrical  properties  of  bodies. 

282.  Absolute  Zero  of  Temperature.  —  Since  a  gas 
expands  for  each  degree  centigrade  ^^^  of  its  volume  at  0°, 
it  follows  that  at  a  temperature  of  273°  C.  its  volume  is 
doubled,  and  that  the  amount  of  contraction  when  the  tem- 
perature is  reduced  to  —  273°  would  be  equal  to  the  initial 
volume.  The  gas  then  would  be  reduced  to  a  mathematical 
point,  and  would  cease  to  exist. 

This  point  on  the  centigiade  scale  is  called  the  absolute  zero  of 
lampuiitmt,  and  temperatures  reckoned  from  this  point  are  called 
absolute  temperatures.  The  lowest  temperature  that  can  thus  be 
expressed  is  evidently  —  273°  C.  or  —  460°  F.  We  can  obtain 
absolute  temperatures  by  adding  273  to  the  temperature  on  the 
centigrade  scale,  or  460  to  that  on  the  Fahrenheit. 

An  absolute  zero  of  heat  has  never  yet  been  realized  experimen- 
tally. Even  if  matter  can  exist  without  heat,  which  there  is  great 
reason  to  doubt,  it  is  impossible  to  predict  what  would  be  its  condi- 
tion under  such  circumstances. 

If  the  energy  of  motion,  which  we  call  heat,  should  wholly  cease 
exerting  its  power,  and  the  molecules  be  brought  into  actual  contact, 
phenomena  of  a  new  and  unexpected  character  would  undoubtedly 
result 

The  greatest  artificial  cold  produced  up  to  the  present  time  is 
— 140®  C,  or  — 220°  F.  The  greatest  natural  cold  recorded  in 
Arctic  expeditions  is  —  58.7°  C,  or  —  73.66°  F. 

15 
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SECTION    III.  —  LAWS    OF    EXPANSION    OF    SOLIDS,     LIQUIDS,     AND 

OASES. 

283.  Law  of  Expansion  of  Solids.  —  Numerous  ex- 
periments have  been  made  to  determine  the  exact  amount  of 
expansion  which  bodies  experience  by  the  addition  of  a  given 
amount  of  heat.  As  in  a  former  ailicle,  it  will  be  found  con- 
venient to  consider,  first,  linear  expansion^  and  afterwards, 
expansion  in  volume. 

1.  Linear  Expansion.  —  In  order  to  compare  the  rate  of 
linear  expansion  of  different  bodies,  we  take,  for  a  term  of 
comparison,  the  expansion  experienced  by  a  unit  of  length 
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of  each  body  when  heated  from  32°  F.  to  33°  F.  This  is 
called  the  coefficient  of  linear  expansion. 

The  coefficients  of  linear  expansion  for  a  great  number  of 
bodies  were  determined  in  the  latter  part  of  the  last  century 
by  Lavoisier  and  Laplace.  The}'  reduced  the  substance 
to  be  experimented  upon  to  the  form  of  a  rod  or  bar,  then 
exposed  it  for  a  sufficient  time  to  the  temperature  of  melting 
ice,  and  measured  its  exact  length.  They  next  exposed  the 
bar  to  a  temperature  of  boiling  water,  and  again  measured 
its  length.  The  increased  length,  divided  by  180,  gave  the 
increase  in  length  of  the  whole  bar  for  1°  F.  This  result, 
divided  by  the  length  of  the  bar  at  32°  F.,  gave  the  Unear 
expansion  of  a  unit  of  length,  and  for  an  increase  of  tempera- 
ture of  1°  F.,  that  is,  the  coefficient  of  linear  expansion. 

The  following  are  some  of  the  latest  results :  — 


Substance. 

Coefficient 
forl°F. 

Substance. 

Coefficient 
forloF. 

Glass      .     .     . 

0.00000474 

i 

Brass     .    .    . 

0.00001044 

Platinum    .    . 

0.00000483 

Copper  .     .     . 

0.00000957 

Steel.    .    .    . 

0.00000631 

Silver     .     .     . 

0.00001068 

Iron  .... 

0.00000666 

Lead.    .    .    . 

0.00001565 

Gold.     .    .    . 

0.00000800 

Zinc  .... 

0.00001653 

From  the  above  table,  it  is  seen  that  the  amount  of  expan- 
sion is  always  very  small. 

2.  Expansion  in  Volume,  —  The  coefficient  of  expansion  in 
volume  is  the  increment  which  a  cubic  unit  of  the  substance 
experiences  when  its  temperature  is  raised  1°  F.  This 
coefficient  may  be  determined  experimentally,  or  it  may  be 
found  by  multiplying  the  coefficient  of  linear  expansion  by 
three.  The  superficial  expansion  of  a  solid  is,  of  course, 
twice  as  great  as  the  linear  expansion. 

284.  Applications.  —  The  principle  of  expansion  explains 
many  familiar  phenomena,  some  of  which  we  will  give. 

A  tuAd  tumbler  is  often  broken  when  it  is  suddenly  iilled  with  hot 
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water.  The  explanation  is  simple.  Glass  is  a  bad  conductor  of 
heat,  hence  the  inside  becomes  heated  by  contact  with  the  water 
more  rapidly  than  the  outside,  and  this  inequality  of  heating  produces 
an  inequality  of  expansion  that  ruptures  the  glass.  The  thinner  the 
glass,  the  less  will  be  the  inequality  of  expansion,  and  consequently 
the  less  will  be  the  danger  of  rupture.  In  a  metallic  vessel  such  an 
accident  is  not  to  be  apprehended,  because  metals  are  good  conduc- 
tors, and  but  little,  if  any,  inequality  of  expansion  can  arise. 

When  a  candle  is  held  too  near  a  pane  of  glass,  the  glass  is 
often  broken ;  the  reason  is  the  same  as  before.  Sometimes  a  glass 
vessel  is  broken  by  suddenly  opening  a  door  or  window.  This 
is  due  to  a  current  of  cold  air,  which,  falling  upon  the  outer 
surface  of  the  glass,  causes  an  inequality  of  contraction  that 
may  produce  rupture.  All  articles  of  glass  should  be  guarded 
from  sudden  changes  of  temperature,  if  we  would  avoid  risk  of 
breakage. 

In  the  art  of  engineering,  it  is  important  to  take  into  account  the 
expansion  and  contraction  of  the  metals.  In  laying  the  track  of  a 
railroad,  for  example,  the  rails  should  not  be  laid  so  as  to  touch  each 
other,  otherwise  in  warm  weather  the  expansion,  acting  through  a 
long  line,  might  produce  a  force  sufficient  either  to  bend  the  rails  or 
to  tear  them  from  their  fastenings.  In  employing  iron  ties  in  build- 
ing, arrangements  should  be  made  by  means  of  nuts  and  screws  to 
tighten  them  in  warm  weather,  and  loosen  them  in  cold  weather, 
otherwise  the  forces  of  contraction  and-  expansion  would  weaken  and 
eventually  destroy  the  building.  Very  serious  accidents  have  oc- 
curred from  omitting  this  precaution. 

The  principle  of  expansion  and  contraction  of  metals  has  been 
utilized  in  bringing  the  walls  of  a  building  together  after  they  have 
commenced  to  separate.  A  system  of  iron  ties  is  formed,  passing 
through  the  opposite  walls,  on  the  outside  of  which  they  are  secured 
by  nuts.  The  alternate  rods  being  heated,  they  expand,  and  the 
nuts  are  screwed  up  close  to  the  walls.  On  cooling,  the  force  of  con- 
traction brings  the  walls  nearer  together.  The  remaining  rods  are 
next  heated,  and  the  nuts  screwed  up.  On  cooling,  a  further  con- 
traction takes  place,  and  so  on  until  the  walls  are  restored  to  their 
proper  position.  This  method  was  successfully  employed  to  restore 
the  walls  of  a  portion  of  the  Conservatoire  des  Arts  et  Metiers,  in 
Paris,  which  had  begun  to  separate. 
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There  are  some  apparent  exceptions  to  the  law  that  heat  expands 
bodies  and  cold  contracts  them.  Thus,  bodies  capable  of  absorbing 
water,  like  paper,  wood,  clay,  and  the  like,  contract  on  being  heated. 
This  contraction  is  only  apparent ;  it  arises  from  the  water  which 
they  contain  being  vaporized  and  driven  off,  which  produces  an 
apparent  diminution  of  volume  5  after  they  are  thoroughly  dried, 
they  follow  the  general  law,  with  the  exception  of  clay.  This 
contracts  permanently,  by  reason  of  chemical  changes  among  its 
particles. 

The  property  just  explained  is  used  for  bending  absorbent  bodies. 
To  effect  this  they  are  heated  on  one  side  only,  which  drives  out  the 
water  from  that  side,  and  causes  them  to  bend  in  that  direction.  It 
is  this  principle  that  causes  wooden  articles  to  warp,  and  therefore 
demands  that  articles  of  furniture  and  wooden  parts  of  buildings  be 
coated  with  oils,  paints,  or  varnishes,  to  prevent  the  absorption  of 
water. 

The  principle  of  expansion  and  contraction  is  often  utilized  in  the 
arts.  A  familiar  example  is  the  process  of  setting  the  tire  of  a 
wagon-wheel.  The  tire  is  made  a  little  smaller  than  the  outer 
periphery  of  the  wooden  part  of  the  wheel.  It  is  then  heated,  and 
placed  around  the  wheel;  on  cooling,  it  contracts  powerfully,  and 
draws  the  felloes  firmly  together. 

285.  Law  of  Expansion  of  Liquids.  —  Liquids  are 
much  more  expansible  than  solids,  on  account  of  their 
feeble  cohesion  ;  their  expansion  is  also  much  more  irregular, 
especially  when  their  temperature  approaches  the  boiling- 
point. 

The  expansion  of  a  liquid  may  be  absolute  or  relative.  The 
absolute  expansion  of  a  liquid  is  its  actual  increase  of  vol- 
ume ;  the  relative  expansion  is  its  increase  of  volume  with 
respect  to  the  containing  vessel.  For  example,  in  a  ther- 
mometer the  rise  of  the  liquid  in  the  stem  is  due  to  its  rela- 
tive expansion  with  respect  to  that  of  the  stem.  Both 
expand,  but  the  liquid  more  rapidly  than  the  glass.  The 
capacity  of  the  bulb  increases  with  an  increase  of  heat,  but 
the  volume  of  its  contained  mercury  increases  more  rapidly, 
and  therefore  rises  in  the  stem.     The  absolute  is  usually 
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greater  than  the  relative  expansion.  It  is  the  relative  expan- 
sion that  we  generally  observe. 

The  coefficient  of  expansion  of  a  liquid  is  the  expansion  of  a  unit 
of  volume,  corresponding  to  an  increase  of  temperature  of  one  degree. 

Taken  with  reference  to  glass,  the  coefficient  of  expansion  for 
mercury  is  0.000833 ;  that  of  water  is  three  times  as  great,  and  that 
of  alcohol  nearly  eight  times  as  great  as  that  of  mercury. 

286.  Maximum  Density  of  Water.  —  If  water  is 
cooled  down  gradually,  its  volume  continues  to  contract 
until  it  reaches  the  temperature  of  39.2°  F.,  or  4°  C,  when 
it  attains  its  maximum  density.  If  it  be  still  further  cooled, 
it  begins  to  expand,  and  at  32^  F.,  or  0°  C,  it  becomes  solid, 
or  freezes. 

This  curious  phenomenon  may  be  shown  by  using  a  water  ther- 
mometer in  connection  with  a  mercurial  one.     As  the  temperature  is 

diminished,  the  liquids  descend  in 
the  stems  of  both  thermometers 
until  the  mercurial  one  shows 
39.2°  F.,  after  which,  if  the  cool- 
ing process  be  continued,  the  mer- 
cury will  continue  to  fall,  whilst 
the  water  will  begin  to  rise. 

The  maximum   density  of 

water  can  be  determined  more 

accurately  by  another  method. 

We  have  represented  in  Fig. 

199  a  glass  jar  having  two 

lateral  openings,  one  near  the 

top,  and  the  other  near  the 

bottom.    Into  these  apertures 

are  inserted  two  thermome- 

Fig.  199.  ters.      The  jar  is  filled  with 

water,  and  a  freezing  mixture  placed  around  its  central  part. 

If  the  freezing  mixture  remains  long  enough  about  the  jar, 

we  shall  have  the  following  results. 

The  lower  thermometer  falls  to  4°  C,  or  39.2°  F.,  and  remains  at 
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that  point.  The  uppei  one  at  first  changes  very  little,  but  when 
it  reaches  the  fixed  temperature,  it  begins  to  fall  until  it  sinks  to 
the  freezing-point,  when  the  water  at  the  surface  freezes.  The 
reason  is  this :  as  the  water  in  the  centre  grows  colder  its  den- 
sity increases,  and  it  falls  to  the  bottom.  This  process  goes  on 
until  all  the  water  in  the  lower  part  of  the  vessel  has  reached  the 
temperature  of  39.2°  F. 

When  this  portion  of  the  water  has  this  temperature^  circulation  in 
it  ceases,  until  needles  of  ice  are  formed,  which,  being  lighter,  rise  t(» 
the  surface  and  start  up  a  new  circulation,  which  causes  the  water  to 
freeze  at  the  surfiice,  while  that  near  the  bottom  remains  at  39.2°. 

This  experiment  proves  that  water  is  heavier  at  39.2°  than  at  32°, 
since  it  sinks  to  the  lower  part  of  the  vessel. 

This  apparent  exception  to  the  law  of  expansion  and  con- 
traction is  explained  from  the  fact  that  at  the  temperature 
of  39.2°  F.  the  particles  begin  to  arrange  themselves  in  a 
new  order,  preparatory^  to  taking  a  crystalline  form.  Some 
other  substances,  such  as  melted  iron,  sulphur,  bismuth,  etc., 
exhibit  a  similar  expansion  of  volume  immediately  previous 
to  taking  a  solid  crj^stalline  form.  It  is  this  property  of 
expanding  at  the  time  of  crystallization  that  renders  iron  so 
valuable  a  metal  for  casting.  The  expansion  of  the  metal 
acts  to  fill  the  mould,  thus  giving  sharpness  and  accuracy  to 
the  casting. 

The  fact  that  water  has  its  greatest  density  at  39.2°  F.  causes 
ice  to  form  at  the  surface  instead  of  at  the  bottom  of  rivers  and  lakes. 
Were  it  not  that  ice  is  lighter  than  water,  it  would  sink  to  the 
bottom  as  fast  as  formed,  or  rather  would  fonn  at  the  bottom,  and  in 
the  colder  regions  of  the  globe  would  soon  convert  entire  lakes  into 
solid  masses  of  ice.  As  ice  and  water  are  bad  conductors  of  heat, 
the  summer  sun  would  not  possess  the  power  to  convert  them  again 
into  water. 

In  Switzerland  it  is  found  by  experiment  that  the  temperature 
of  the  water  at  the  bottom  of  deep  and  snow-fed  lakes  remains 
during  the  entire  year  at  the  uniform  temperature  of  39.2°  F., 
although  the  surface  is  frozen  in  winter,  and  in  summer  rises  to 
75°  or  80°  F. 

It  is  because  water  has  its  mjiximum  density  at  39.2°  F.,  that  it 
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is  taken  at  this  temperature,  as  the  standard  of  comparison  for  deter- 
mining  the  specific  gravity  of  bodies. 

287.  Law  of  Expansion  of  Gases.  —  Gases  are  not 
only  more  expansible  than  solids  and  liquids,  but  they  also 
expand  more  uniformly. 

The  coefficient  of  expansion  of  a  gas  is  the  expansion  which 
a  unit  of  volume  experiences  when  its  temperature  is  increased 
one  degree. 

Gay-Lussao  supposed  that  all  gases  expand  equally  for 
equal  increments  of  temperature;  but  more  recent  investi- 
gations show  that  the  coefficients  of  expansion  are  slightly 
different  for  different  gases.  This  difference  is,  however,  so 
small  that  for  all  practical  purposes  we  may  regard  all  gases 
as  having  the  same  coefficient.  The  value  of  the  coefficient 
of  expansion  for  gases  is  0.00204,  which  is  about  eight  times 
that  of  water. 

288.  Applications.  —  The  law  of  expansion  of  gases,  when 
heated,  has  many  important  applications,  some  of  which  will  be 
explained. 

When  the  air  of  a  room  becomes  warmed  and  vitiated  by  the  pres- 
ence of  a  number  of  persons,  it  expands  and  becomes  lighter  than 
the  external  air  j  hence  it  rises  to  the  top  of  the  room,  and  its  plac« 
is  supplied  by  fresh  air  from  without,  which  enters  through  the 
cracks  of  the  doors,  or  through  apertures  constructed  for  the  purpose. 
Openings  should  be  made  at  the  upper  part  of  the  room  to  permit  the 
foul  air  to  escape.    Such  is  the  theory  of  ventilation  of  rooms. 

In  large  biuldings,  like  theatres,  the  spectators  in  the  upper  gal- 
leries often  experience  great  inconvenience  from  the  hot  and  corrupt 
air  arising  from  below.  To  remedy  this  evil,  large  openings,  called 
ventilators,  should  be  constructed  in  the  ceiling,  and  corresponding 
openings  should  be  arranged  near  the  bottom  of  the  building  to  supply 
a  suflBcient  quantity  of  fresh  air  to  keep  up  the  circulation. 

The  jirinciple  of  expansion  gives  a  draught  to  our  chimneys.  The 
hot  air  ascends  through  the  flue,  and  its  place  is  supplied  by  a  con- 
tinued current  of  cold  air  from  below,  which  keeps  up  the  combustion 
in  the  fireplace  or  grate. 
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The  same  principle  is  applied  in  wanning  buildings  by  means  of 
furnaces.  Furnaces  are  placed  in  the  lowest  story  of  the  building, 
and  are  provided  with  air-chambers,  which  communicate  with  the 
external  air  by  means  of  air-pipes.  When  the  air  becomes  heated 
in  the  air-chamber,  it  rises  through  pipes,  or  flues  in  the  walls,  to 
the  upper  stories  of  the  building,  and  is  admitted  to  or  excluded  from 
the  different  apartments  by  valves,  called  registers. 

The  principle  of  expansion  of  air  explains  many  meteorological 
phenomena.  When  the  air  in  any  locality  becomes  heated  by  the 
rays  of  the  sun,  it  rises,  and  its  place  is  supplied  by  colder  air  from 
the  neighboring  regions,  thus  producing  the  phenomena  of  winds. 
The  circulation  of  the  atmosphere  in  the  form  of  winds  tends  to 
equalize  the  temperature,  and  also,  by  transporting  clouds  and  vapors, 
tends  to  equalize  the  distribution  of  water  over  the  globe. 

Winds  also  serve  to  remove  the  vitiated  air  of  cities,  replacing  it 
by  the  pure  air  of  the  neighboring  places,  thus  contributing  to  the 
preservation  of  life  and  health.  Winds  also  act  to  propel  vessels 
on  the  ocean,  thus  contributing  to  the  spread  of  commerce  and 
civilization. 

Without  winds,  our  cities  would  become  centres  of  infection,  the 
clouds  would  remain  motionless  over  the  localities  where  they  were 
formed,  the  greater  portion  of  the  earth  would  become  arid  and  desert, 
without  rivers  or  streams  to  water  them,  and  the  whole  earth  would 
soon  become  uninhabitable. 

289.  Density  of  Gases.  —  The  density  of  a  gas  depends 
upon  the  pressure  to  which  it  is  subjected,  and  also  upon  its 
temperature. 

It  is  for  this  reason  that  we  select  as  a  terra  of  comparison 
the  density  at  some  particular  pressure  and  temperature. 
The  standard  pressure  is  that  of  the  atmosphere  when  the 
barometer  stands  at  30  inches,  and  the  standard  temperature 
is  32°  F.,  or  the  freezing-point  of  water.  To  determine 
the  density  at  any  other  pressure,  we  apply  Mariotte's 
law ;  to  determine  it  at  any  other  temperature,  we  apply  the 
coefficient  of  expansion,  as  explained  in  preceding  articles. 

Suppose  it  were  required  to  detennine  tlie  density  of  air  when  the 
barometer  indicates  20  inches,  and  the  thennometer  62°  F.,  the 

Digitized  by  LjOOQ IC 


234 


HEAT. 


density  being  equal  to  1  at  the  standard  temperature  and  pressure. 
The  pressure  being  only  two  thirds  the  standard  pressure,  the  air  in 
the  case  considered  would  occupy  once  and  a  half  its  primitive 
volume,  supposing  the  temperature  to  remain  at  32°  F.  But  the 
temperature  being  62°  F.,  or  30°  above  the  standard,  we  multiply 
1.5  by  30  times  0.00204  for  the  expansion.  This  product,  added  to 
1.5,  gives  for  a  result  1.5918.  That  is,  a  unit  of  volume  at  the 
standard  pressure  and  temperature  becomes  1.5918  units  of  volume 
at  the  given  pressure  and  temperature.  Because  the  density  varies 
inversely  as  the  volume,  we  shall  have  for  the  required  density 
^njiTT.  or  0.6282. 

The  following  table  exhibits  the  density  of  some  of  the  most  im- 
portant gases,  air  being  taken  as  a  standard :  — 


Gas. 

Density. 

Gas. 

Density. 

Air    ...     . 
Hydrogen  .    . 
Nitrogen     .    . 

1.0000 
0.0692 
0.9714 

Oxygen      .    . 
Carbonic  acid . 

1.1056 
1.5290 

Hydrogen  is  the  lightest  known  body,  its  density  being  fourteen 
and  a  half  times  less  than  that  of  air. 
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Absolute  and  lielative  Expansion. 

Coefficient  of  Expansion. 
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SECTION    IV.  DIFFUSION    OF   HEAT. 

290.  Methods  of  Diffusion. — There  are  three  methods 
of  diffusing  heat,  —  Radiation.,  Conduction^  and  Convection, 
We  shall  find  in  another  article  that  diffusion  of  heat  inva- 
riably transfers  heat  from  a  hotter  body  to  a  colder  one, 
so  as  to  cool  the  hotter  and  warm  the  colder.  The  three 
methods  will  now  be  considered  in  the  order  named. 

291.  Radiation  of  Heat.  —  The  ethereal  medium  that 
transmits  heat  extends  through  space,  and  is  almost  per- 
fectly- elastic.  It  penetrates  all  bodies  and  occupies  the 
intervals  between  their  molecules.  The  heat  vibrations  of 
bodies  are  thus  imparted  to  the  surrounding  ether,  and  hy  it 
are  propagated  outward  in  spherical  waves  similar  to  sound- 
waves in  air.  Heat  propagated  in  this  way  is  called  radiant 
heat.  A  line  perpendicular  to  a  wave  front  is  called  a  ray 
of  heat. 

A  ray  of  heat  indicates  a  direction  in  which  heat  is  propagated 
and  along  which  it  produces  its  effect.  In  a  homogeneous  medium 
heat-rays  are  straight  lines  radiating  in  every  direction  from  a  heated 
body.  Radiant  heat  does  not  impart  warmth  to  the  medium  that 
transmits  it,  but  when  intercepted  by  a  body  the  molecular  energy 
of  the  ether  is  imparted  to  the  molecules  of  the  body,  and  the  phe- 
nomena of  heat  are  developed. 

When  we  speak  of  radiant  heat,,  it  must  be  understood  that  it  is 
not  a  new  kind  of  heat,  but  radiation  considered  in  its  thermal,  or 
heat  aspect. 

In  order  to  distinguish  it  from  the  ordinary  heat- energy  which 
bodies  possess,  it  may  be  regarded  as  undulatoryj  or  radiant  energy 
which  travels  through  space  with  great  velocity ;  and  when  rays  of 
heat,  as  has  been  stated,  are  intercepted  by  a  body,  this  radiant 
energy  is  changed  to  ordinary  heat-energy,  which  in  turn  is  changed 
back  again  into  radiant  energy  when  heat  is  given  off  by  any 
substance. 

292.  Laws  of  Radiant  Heat.  —  The  radiation  of  heat 
takes  place  according  to  the  following  laws  :  — 
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1.  Heat  is  radiated  equally  in  aU  directions. 

This  law  may  be  verified  by  placing  thermometers  at  equal  dis- 
tances and  in  different  directions  from  a  heated  body. 

2.  Rays  of  heat  are  straight  lines. 

This  law  may  be  verified  by  interposing  a  screen  anywhere  in  a 
right  line  joining  the  heated  body  and  the  thermometer,  when  the 
thermometer  will  cease  to  rise. 

If  a  ray  pass  from  one  medium  to  another,  it  is  bent  from  its 
course ;  this  bending  is  called  refraction. 

We  see  refraction  of  heat  when  the  luminous  thermal  rays  of  the 
sun,  like  the  rays  of  light,  are  refracted  to  a  focus  by  a  converging 
lens.  Non-luminous  rays  of  heat,  or  obscure  rays,  as  they  are 
generally  called,  can  be  refracted  by  a  lens  of  rock  salt  held  before 
an  iron  ball  heated  below  redness. 

The  laws  of  refraction  for  heat  are  the  same  as  for  light,  and  will 
be  more  fully  discussed  under  that  subject. 

3.  77ie  intensity  of  radiant  heat  varies  directly  as  the  temper^ 
ature  of  the  radiating  hody^  and  inversely  as  the  square  of  the 
distance  to  which  it  is  transmitted. 

The  first  part  of  this  law  is  verified  by  exposing  one  of  the  bulbs 
of  a  differential  thermometer  to  a  blackened  cubical  box,  filled  with 
hot  water,  the  other  bulb  being  protected  by  a  screen.  If  the  water 
is  in  the  first  instance  of  a  given  temperature,  and  then  falls  to  ^ 
half  or  a  third  of  that  temperature,  the  differential  thermometer  will 
manifest  a  half  or  a  third  of  its  original  indication,  and  so  on  for 
any  temperature. 

The  second  part  of  the  law  may  also  be  verified  by  means  of  the 
differential  thermometer.  In  this  case  the  heated  body  is  kept 
always  at  the  same  temperature,  and  one  bulb  of  the  differential 
thermometer  is  placed  at  different  distances  from  it.  It  will  be  found 
that  at  a  double  distance  the  indication  is  only  a  fourth  of  the  original 
indication,  at  a  triple  distance  only  a  ninth,  and  so  on. 

4.  Radiant  heat  is  propagated  in  a  vacuum  as  well  as  in  air. 

The  radiation  of  heat  from  the  sun  to  the  earth  proves  this 
law. 

It  can  be  demonstrated  also  by  the  following  experiment.  In  the 
bottom  of  a  glass  globe  (Fig.  200)  a  thermometer,  *,  is  sealed  air- 
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tight,  in  such  a  manner  that  its  bulb  occupies  the  centre  of  the  globe. 
The  apparatus  is  then  filled  with  mercury,  and  inverted  over  a  cup 
of  mercury  with  the  end  of  the  neck  of  the  globe  under 
the  surface  of  the  mercury.  We  get  in  this  way  a 
Torricellian  vacuum. 

Now  melt  off  the  neck  with  a  blow-pipe  above  the 
mercury.  If  the  globe  be  immersed  in  hot  water,  the 
mercury  is  seen  at  once  to  rise.  And  this  must  be  due 
to  the  radiation  of  heat  through  the  vacuum. 

293.  Exchange  of  Heat  between  Bodies. 

— The  process  of  radiation  of  heat  between 
bodies  is  mutual  and  continuous.  According  to 
the  laws  given  in  the  preceding  article,  those 
bodies  which  are  most  heated  give  off  most  heat ;  Fig.  200. 
hence  the  hottest  bodies  of  a  group  give  off  more  heat 
than  they  receive,  and  the  coldest  ones  receive  more  than 
they  give  off.  The  consequence  is,  that  there  is  a  continual 
tendency  towards  equalization  of  temperature.  If  all  the 
bodies  are  of  the -same  temperature,  each  will  give  off  as 
much  as  it  receives,  and  no  further  change  of  temperature 
can  occur.  The  process  of  radiation,  however,  goes  on  as 
before. 

All  the  bodies  in  a  room,  for  example,  tend  to  come  to  a  uniform 
temperature.  We  say,  tend  to  come  to  a  uniform  temperature, 
because  this  condition  is  never  fully  realized.  Bodies  nearest  the 
walls  are  continually  exchanging  heat  with  the  walls,  and  as  these 
are  in  communication  either  with  the  outer  air  or  with  other  rooms, 
their  temperature  will  be  influenced  thereby,  and  will  in  turn  exert 
an  influence  upon  the  remaining  bodies  in  the  room. 

294.  Reflection  of  Radiant  Heat. — When  radiant  heat 
falls  upon  the  surface  of  a  body,  some  of  it  is  deflected  or 
bent  from  its  course.     This  bending  is  called  reflection. 

The  point  at  which  the  bending  takes  place  is  called  the 
point  of  incidence.  The  ray  before  incidence  is  called  the 
incident  ray ;  after  incidence,  it  is  called  the  reflected  ray,  A 
line  drawn  perpendicular  to  the  surface  at  the  point  of  inci- 
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denee  is  called  the  perpendicular.  The  angle  between  the 
incident  ray  and  the  perpendicular  is  the  angle  of  incidence  ; 
the  angle  between  the  perpendicular  and  the  reflected  ra}'  is 
the  angle  of  reflection.  The  plane  of  the  incident  ra}^  and  the 
perpendicular  is  the  plane  of  incidence ;  the  plane  of  the 
reflected  raj'  and  the  perpendicular  is  the  plane  of  reflection. 
These  planes  coincide. 

295.  Laws  which  govern  the  Reflection  of  Heat. — 
The  following  laws,  indicated  by  theory,  have  been  confirmed 
by  experiment : — 

1 .  The  plane  of  the  incident  and  reflected  rays  is  perpendicular 
to  the  reflecting  surface  at  the  point  of  incidence. 


Fig.  201. 
2.    The  angles  of  incidence  and  reflection  are  equal. 

The  apparatus  employed  in  establishing  these  laws  is  shown  in 
Fig.  201.  -4  is  a  tin  box  with  its  faces  blackened,  in  which  hot 
water  is  placed.  5  is  a  reflecting  surface,  and  Z)  is  a  differential 
thermometer.     5  C  is  a  perpendicular  to  the  reflecting  surface. 

The  surface,  A,  radiates  heat  in  all  directions,  but  only  a  single 
rny  is  permitted  to  fall  upon  the  reflector,  B,  the  remainder  being 
intercepted  by  a  screen,  having  a  small  hole  in  it.  By  suitably 
arranging  the  thermometer,  and  other  parts  of  the  apparatus,  it  may 
be  shown  that  the  plane  ABD\s>  peipendicular  to  the  reflecting  sur- 
face at  Bj  and  that  the  angles,  ABC  and  CBD,  are  equal  to  each 
other. 
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296.  Reflection  of  Heat  from  Concave  Mirrors. — 
A  Concave  Mirror  is  a  polished  spherical  or  parabolic  sur- 
face, usually  of  metal,  employed  to  concentrate  rays  of  heat 
at  a  single  point. 

It  is  a  property  of  such  min-ors  that  all  rays  which  before 
incidence  are  parallel  to  the  axis,  are  after  reflection  con- 
verged to  a  single  point,  which  point  is  the  focus  of  the 
mirror.  Conversely-,  if  the  rays  proceed  from  the  focus,  they 
will  be  reflected  in  lines  parallel  to  the  axis. 


Pig.  202. 

A  and  B  (Fig.  202)  represent  two  reflectors,  having  their  axes 
coincident,  and  their  surfaces  turned  to  each  other.  In  the  focus,  w, 
of  the  mirror,  A,  is  placed  a  ball  of  hot  iron,  and  in  the  focus,  m,  of 
the  mirror,  B,  is  placed  an  inflammahle  substance,  as  a  piece  of 
phosphorus.  The  heat  radiating  from  the  hall  is  reflected  from  A, 
inirallel  to  the  common  axis  of  the  mirror,  and  falling  upon  5,  is 
again  reflected  to  the  focus  m;  the  heat,  concentrated  at  m,  is  suffi- 
cient to  inflame  the  phosphorus,  even  when  the  min-ors  are  several 
/ards  distant  from  each  other.  If  the  mirror.  A,  alone  is  used,  the 
phosphorus  is  not  inflamed. 

Parabolic  reflectors  brings  parallel  rays  more  accurately  to  a  focus 
than  spherical,  but  are  more  difficult  to  construct,  and  therefore  are 
not  used  so  much. 
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The  property  of  concave  mirrors,  above  explained,  enables  us  to 
concentrate  the  heat  of  the  sun's  rays.  In  this  case  the  reflector  is 
called  a  burning  mirror.  It  must  be  placed  so  that  its  axis  is  par- 
allel to  the  rays  of  the  sun,  which,  as  they  fall  upon  it,  are  reflected 
to  the  focus,  where  they  produce  heat  enough  to  set  inflammable 
substances  on  fire. 

It  is  said  that  Archimedes  was  enabled  by  means  of  min-ors  to 
set  fii-e  to  the  Roman  ships  in  the  harbor  of  the  city  of  Syracuse. 
BuFFON  showed  the  possibility  of  such  an  operation,  by  setting  fire 
to  a  tarred  plank,  by  means  of  burning  mirrors,  at  a  distance  of  more 
than  220  feet 


Fig.  203. 


297.  Reflecting  Power  of  Different  Substances.  — 
Those  bodies  which  reflect  a  large  portion  of  the  incident 
heat  are  called  good  reflectors  ;  those  which  reflect  but  little 
are  called  had  reflectors. 

Fig.  203  shows  the  method  of  determining  the  relative 
reflecting  powers  of  different  bodies,  adopted  by  Leslie. 
lie  placed  a  cubical  tin  box,  filled  with  water  at  the  boiling- 
l)oint,  in  front  of  a  parabolic  reflector.  The  rajs  of  heat, 
falling  upon  the  reflector,  are  reflected  and  tend  to  come  to 
a  focus  at  F^  but  by  interposing  a  square  plate  of  some  sub- 
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stance  between  the  mirror  and  its  focus,  the  rays  are  again 
reflected,  and  come  to  a  focus  as  far  in  front  of  the  plate 
as  -F  is  behind  it.  The  heat  thus  reflected  is  received  upon 
one  bulb  of  a  diffierential  thermometer,  by  means  of  which 
it  is  measured.  By  interposing  plates  of  diff*erent  sub- 
stances in  succession,  their  relative  reflecting  powers  are 
determined. 

In  this  way  Leslie  showed  that  polisheTl  brass  possessed  the 
highest  reflecting  power ;  silver  reflects  only  nine  tenths,  tin  only 
eight  tenths,  and  glass  only  one  tenth  as  much  as  brass.  Plates 
blackened  by  sraoke  do  not  reflect  heat  at  all. 

It  has  been  stated  that  when  radiant  heat  falls  upon  the  surface  of 
a  body,  some  of  it  is  reflected.  There  is  some  of  it  also  that  is 
absorbed  by  the  body,  and  some  transmitted. 

A  substance  that  transmits  heat  is  called  diatfiermanous,  and  one 
that  does  not,  athermanous. 

Rock  salt  is  the  most  diathermanous  of  all  solids.  Radiant  heat, 
both  luminous  and  obscure,  will  pass  through  it  with  about  the  same 
facility  that  light  passes  through  glass.  Glass  is  very  transparent, 
that  is,  will  let  light  through  it  readily,  but  is  not  specially  diather- 
manous. 

Incident  rays  not  transmitted  are  either  reflected  or  absorbed.  It 
is  only  the  rays  absorbed  that  warm  a  body. 

298.  Absorbing  Power.  —  In  order  to  determine  the 
relative  powere  of  absorption,  Leslie  employed  the  apparatus 
shown  in  Fig.  204. 

The  source  of  heat  and  the  reflector  remaining  as  before, 
he  placed  the  bulb  of  the  differential  thermometer  in  the 
focus  of  the  reflector,  covering  it  successively  with  lajers  of 
the  substance  to  be  experimented  upon.  In  this  way  he 
showed  that  those  substances  which  reflect  most  heat  absorb 
least,  and  the  reverse. 

When  the  bulb  was  blackened  by  smoke,  the  thermometer  indi- 
cated the  greatest  change  of  temperature,  and  when  covered  with 
leaves  of  brass,  it  indicated  the  least  change. 
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299.  Radiating  Power. — The  Radiating  Power  of  a 
body  is  its  capacity  to  emit^  or  radiate  the  heat  which  it 
contains. 

In  determining  the  radiating  power,  Leslie  employed 
the  apparatus  shown  in  Fig.  204.  In  this  case,  instead  of 
covering  the  bulb  of  the  thermometer  with  layers  of  the 
substances  to  be  experimented  upon,  he  covered  the  diflTerent 
faces  of  the  cubic  box  with  layers  of  the  different  substances. 


Fig.  204. 


For  example,  let  one  face  be  made  of  tin,  let  a  second  be  black- 
ened by  smoke  or  lamp-black,  let  a  third  be  covered  by  a  layer  of 
paper,  and  a  fourth  by  a  plate  of  glass.  On  turning  these  different 
faces  towards  the  reflector,  the  thermometer  indicates  different  degrees 
of  temperature.  If  the  blackened  face  be  turned  towards  the  reflec- 
tor, the  thennometer  rises,  showing  that  this  face  is  a  good  radiator ; 
if  the  papei'-covered  face  be  next  turned  towards  the  reflector,  the 
tlicrmometer  falls,  showing  that  paper  is  a  poorer  radiator  than 
lamp-black  ;  if  the  glass-covered  face  be  turned  towards  the  reflector, 
the  thermometer  falls  still  lower,  indicating  that  glass  is  a  poorer 
radiator  than  paper ;  finally,  if  the  tinned  face  is  turned  towards  the 
reflector,  the  thermometer  falls  still  lower,  indicating  the  fact  that  tin 
is  a  poorer  radiator  than  glass. 
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Leslie  found,  by  this  course  of  proceeding,  that  the  radiating 
powers  of  bodies  are  the  same  as  their  absorbing  powers ;  that  is,  a 
good  radiator  is  also  a  good  absorber  but  a  bad  reflector,  and  the 
reverse. 

It  is  c<^mmonly  supposed  that  bodies  of  bright  colors  radiate  heat 
to  a  less  extent  than  those  of  a  dull  and  dark  color.  This  was  dis- 
proved by  Melloni,  at  least  for  obscure  heat.  He  found  that  white 
lead  and  lamp-black  radiated  the  same  amount  of  heat. 

300.  Modifications  of  the  Reflecting  Powers  of 
Bodies.  —  The  principal  causes  that  modify  the  reflecting 
and  absorbing  powers  of  bodies  are  :  polish^  density,  direction 
of  the  incident  rays^  nature  of  the  source  of  heat ^  and  color. 

Other  things  being  equal,  polished  bodies  are  better  reflectors 
and  worse  absorbers  than  unpolished  ones. 

Other  things  being  equal,  dense  bodies  are  better  reflectors 
and  worse  absorbers  than  rare  ones. 

Other  things  being  equal,  the  nearer  the  incident  ray  ap- 
proaches the  perpendicular,  the  less  toill  be  the  portion  reflected 
and  the  greater  the  portion  absorbed. 

The  nature  of  the  source  of  heat  sometimes  modifies  the  reflect- 
ing and  absorbing  powers.  Thus,  if  a  body  is  painted  with 
white  lead,  it  absorbs  more  heat  from  a  cubical  box  of  boiling 
water,  than  though  the  same  heat  were  emitted  by  a  lamp. 
But  if  a  body  is  painted  with  lamp-black,  the  amount  ab- 
sorbed is  the  same,  whatever  may  be  its  source. 

Light-colored  bodies  absorb  less  and  reflect  more  heat  than  dark- 
colored  ones.  This  is  found  to  be  true  in  regard  to  luminous  heal, 
such  as  that  of  the  sun.  But  in  the  case  of  obscure  heat,  color  does 
not  seem  to  affect  the  absorption. 

Whether  a  body  is  a  good  reflector,  absorbent,  or  radiator,  or 
whether  it  is  the  reverse,  depends  more  upon  the  molecular  condition 
of  its  surface  than  upon  its  color. 

301.  The  Radiometer.  —  This  consists  of  a  glass  tube 
(Fig.  205)  with  a  bulb  blown  in  it,  which  rests  on  a  wooden 
support.     A  fine  steel  point  is  fused  on  a  small  tube  extend' 
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Fig.  205. 


ing  up  into  the  bulb;  on  this  point 
rests  a  small  vane  consisting  of  four 
arms,  each  one  carrying  a  disk  of  mica 
or  pith,  white  on  one  side  and  covered 
with  lamp-black  on  the  other. 

In  order  to  keep  the  vane  on  the  steel 
pivot,  a  small  tube  extends  down  fi-om  the 
top  of  the  bulb  so  as  to  surround  the  top  of 
the  cap,  which'  rests  on  the  pivot  without 
touching  it.  The  other  end  of  this  tube  is 
drawn  out,  and  connected  with  some  ^pa- 
ratus  for  exhausting  the  air.  When  this  is 
done,  the  bulb  is  hermetically  sealed. 

If  a  hot  body  be  brought  near  the  radi- 
ometer, or  if  it  be  exposed  to  the  sunlight, 
the  arms  will  rotate  more  or  less  rapidly. 
The  cause  of  this  was  formerly  supposed  to 
be  due  to  the  mechanical  action  of  light,  but 
it  is  now  thought  to  be  owing  to  heat  radia- 
tions, and  the  reactive  force  of  the  mole- 
cules of  the  rarefied  gas  in  the  bulb. 


302.  Absorbing  Power  of  Gases.  —  The  power  of  the 
different  gases  in  absorbing  heat  varies  greatly.  The  simple 
gases,  hydrogen,  oxj'gen,  and  nitrogen,  absorb  ver}'  little. 
Dry  air  also  is  a  very  poor  absorbent.  The  aqueous  vapor 
in  the  atmosphere,  however,  has  great  power  of  absorption ; 
but  it  is  more  manifest  in  the  case  of  obscure  than  luminous 
rays. 

Some  of  the  compound  gases  exhibit  great  capacity  for  absorbing 
dark  heat,  such  as  sulphurous  acid  and  ammonia,  the  former  absorb- 
ing nearly  900  times  as  much  as  dry  air. 

We  shall  see  in  another  chapter  that  light  is  subject  to  the  same 
laws  that  radiant  heat  is  :  viz.,  it  is  reflected,  refracted,  transmitted, 
and  absorbed.  They  both  undergo  another  modification,  also,  called 
polarization,  to  be  explained  hereafter. 

In  view  of  these  facts,  we  are  justified  in  our  inference  that  heat 
and  light  are  either  identical  or  closely  allied  to  each  other. 
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303.  Applications  of  the  Preceding  Principles. — 

Articles  of  clothing  are  intended  to  preserve  uniformity  of  tempera- 
ture in  the  human  body  by  excluding  the  too  violent  heats  of 
summer,  and  by  preventing  too  rapid  radiation  of  animal  heat  iu 
winter. 

Loose  substances,  like  woollens  and  furs,  are  bad  reflectors,  and 
therefore  are  suitable  for  winter  clothing.  Compact  substances,  like 
linens  and  cottons,  are  good  reflectors,  and  therefore  are  suitable  for 
summer  clothing. 

Snow  is  a  good  reflector,  but  a  bad  absorber  and  radiator.  Hence 
it  is  that  a  layer  of  snow  in  winter  acts  to  protect  the  plants  which 
it  covers.  Snow  and  ice,  when  exposed  to  the  rays  of  the  sun,  melt 
but  slowly ;  but  if  a  branch  of  a  tree  or  stone  projects  through  the 
snow,  it  causes  the  latter  to  melt  in  its  neighborhood,  first  by  absorb- 
ing the  heat  of  the  sun,  and  then  radiating  it  to  the  surrounding 
particles  of  ice  or  snow. 

If  a  stone  is  thrown  upon  a  field  of  ice,  it  soon  causes  the  ice 
around  it  to  melt,  forming  a  hole  into  which  it  sinks.  A  dark  cloth 
spread  upon  snow  acts  in  the  same  manner,  and  soon  sinks  under  the 
influence  of  the  sun's  rays. 

Water  is  soonest  heated  in  a  vessel  whose  surface  is  black  and 
unpolished,  because  the  vessel  in  this  state  is  best  adapted  to  absorb 
the  heat  which  is  applied  to  it,  but  on  removing  it  from  the  fire,  the 
water  cools  rapidly.  To  retain  heat  in  liquids,  they  should  be  con- 
fined in  dense  and  polished  vessels,  as  these  are  poor  radiators. 
Hence,  for  boiling  and  cooking,  rough  and  black  vessels  should  be 
employed,  but  to  keep  the  articles  warm,  dense  and  polished  vessels 
should  be  used.  It  is  for  this  reason  that  a  silver  teapot  is  better 
than  an  earthen  one.  But  as  silver  is  a  good  conductor  of  heat,  the 
handle  should  be  insulated  by  interposing  between  it  and  the  vessel 
some  non-conducting  substance,  as  ivory  or  bone. 

Stoves,  being  intended  to  radiate  heat,  should  be  rough  and  black, 
but  fireplaces,  being  intended  to  reflect  heat  into  the  room,  should  bo 
lined  with  white,  dense,  and  polished  substances,  like  glazed  earthen- 
ware, or  glazed  fire-bricks. 

304.  Conduction  is  that  propertj*  of  bodies  by  virtue  of 
which  they  transmit  heat  from  molecule  to  molecule.  When 
any  body  is  heated  ]>y  conduction,  it  must  be  of  a  lower  tern- 
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perature  than  the  parts  of  the  body  through  which  the  heat 
comes  to  it. 

Those  bodies  that  transmit  heat  readily  are  called  good  conduc- 
tors ;  those  that  do  not  transmit  it  readily  are  called  had  conductors. 

Ingenhousz  showed  that  solid  bodies  possess  different  degrees  of 
conductivity,  by  means  of  an  apparatus  shown  in  Fig.  206.  It  con- 
sists of  an  oblong  vessel  to  contain  water,  from  one  side  of  which 
projects  a  system  of  short  tubes  for  receiving  rods  of  dijQferent  kinds 
of  solids,  such  as  metals,  marble,  wood,  glass,  and  the  like. 

He  coated  the  different  rods  with  a  soft  wax  that  would  melt  at 
about  140°  F.,  and  then  filled  the  vessel  with  boiling  water.     Upon 


Fig.  206. 

some  of  the  rods  the  wax  melted  rapidly,  upon  some  more  slowly, 
and  upon  others  not  at  all.  This  showed  that  the  rods  varied  in 
their  conductivity. 

It  has  been  shown  that  metals  are  the  best  conductors,  after  which 
(Mnnes  marble,  then  porcelain,  bricks,  wood,  glass,  resin,  etc. 

Liquids  aie  bad  conductors  of  heat,  except  mercury,  which  is  a 
metal.  Tliey  are  such  bad  conductors  that  Rumford  asserted  that 
water  is  not  a  conductor  at  all.  More  careful  experiments  have 
shown  that  all  liquids  are  conductors,  but  extremely  bad  ones. 

Gases  are  bad  conductors  of  heat,  but  on  account  of  the  extreme 
mobility  of  their  particles,  it  is  difficult  to  estabUsh  the  fact  by  direct 
observation. 
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305.  Convection  is  the  motion  of  the  particles  of  the  hot 
body  carrying  the  heat  with  them.  When  a  liquid  is  heated 
at  the  bottom  it  illustrates  convection.  The  heated  particles 
expand,  and  as  they  are  then  lighter  than  the  cooler  ones 
above  them,  they  rise  to  the  top  of  the  vessel  to  give  place 
to  the  heavier  and  cooler  particles  that  supply  their  places. 
In  this  way  a  double  current  of  par- 
ticles is  set  up,  as  shown  in  the  fig- 
ure by  the  arrows,  the  hot  ones  rising 
and  the  cool  ones  descending.  This 
process  of  circulation  goes  on  till  a 
uniform  temperature  is  imparted  to 
all  of  the  liquid. 

The  circulation  of  particles  may  be 
shown  by  putting  into  the  vessel  (Fig. 
207)  particles  of  a  substance  of  nearly 
the  same  density  as  the  liquid;  as,  for 
example,  oak  sawdust.  These  particles 
will  partake  of  the  motion  of  the  fluid, 
rising  up  in  the  centre,  and  descending 
along  the  walls  of  the  vessel  as  shown  in 
the  ficfure. 


Fig.  207. 
Gases  are  heated  by  convection,  in  the  same  manner  as  liquids. 


306.   Applications   of  the   Preceding  Principles. — 

If  the  hand  be  placed  upon  difterent  articles  in  a  cold  room,  they  con- 
vey different  sensations.  Metals,  stones,  bricks,  and  the  like,  feel 
cold,  whilst  carpets,  curtains,  and  the  like,  feel  warm.  The  reason 
of  this  is,  that  the  former  are  good  conductors,  and  readily  abstract 
the  animal  heat  from  the  hand,  whilst  the  latter  are  bad  conductors, 
and  do  not  convey  away  the  heat  of  the  hand. 

Wooden  handles  are  sometimes  fitted  to  metallic  vessels  which  are 
to  contain  heated  liquids.  This  is  because  wood  is  a  bad  conductor, 
and  therefore  does  not  convey  the  heat  to  the  hand.  For  a  similar 
reason,  when  we  would  handle  any  heated  body,  we  often  interpose  a 
thick  holder  of  woollen  cloth,  the  latter  being  a  bad  conductor. 

To  preserve  ice  in  summer,  we  surround  it  with  some  bad  con- 
ductor, as  straw,  sawdust,  (»r  a  layer  of  confined  air.      The  same 
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means  are  adopted  to  preserve  plants  from  the  action  of  frost.  In 
this  case  the  non-conducting  substance  prevents  the  radiation  of 
heat 

Cellars  are  protected  from  frost  in  winter  by  a  double  wall  enclos- 
ing a  layer  of  air,  which  is  a  non-conductor.  It  is  the  layer  of  con- 
fined air  that  renders  double  windows  so  efficient  in  excluding  frcwt 
from  our  houses. 

The  feathers  of  birds  and  the  fur  of  animals  are  not  only  in  them- 
selves bad  conductors,  but  they  enclose  a  greater  or  less  quantity  of 
air,  which  renders  them  eminently  adapted  to  the  exclusion  of  cold. 

The  bark  of  trees  is  a  bad  conductor,  and  so  serves  to  protect  them 
from  the  injurious  effects  of  heat  in  summer  and  cold  in  winter. 

Our  warmest  articles  of  clothing  are  composed  of  non-conducting 
substances,  enclosing  a  greater  or  less  quantity  of  air.  Such  are  furs, 
woollen  cloths,  and  the  like.  It  is  not  that  these  are  warm  of  the»n- 
selves,  but  they  serve  as  non-conductors,  preventing  the  escape  of 
animal  heat  from  our  bodies. 

Summary.  — 

Difftision  of  Heat, 
Badiation  of  Heat 

Tranj^mission  through  Space. 

Kadiant  Heat.  —  Ray  of  Heat. 

Laws  of  Radiant  Heat. 

Exchange  of  Heat  between  Bodies. 
Reflection  of  Badiant  Heat 

Definition  of  Terms. 

Laws  of  Reflection. 

Reflection  of  Heat  from  Concave  Mirrors. 

Reflecting  Power  of  different  Substances. 

Leslie's  Experiment. 
Diathermanous  and  AtJiermanous  Substances. 
Leslie^ s   Method    to   a>scertain    the  Relative  Absorbinff 

Powers  of  Substances. 
Leslie^s    Method    to    ascertain   the  Relative  Radinting 

Powers  of  Substances. 
Causes  that  modify  the  Reflecting  and  Absorbing  Powers 
of  Bodies. 
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The  Badiometer. 

Description. 

Explanation  of  its  Action. 
Absorbing  Power  of  Gases. 
Connection  between  Light  and  Radiant  Heat 
Practical  Applications  of  preceding  Principles. 
Conduction. 

Definition. 

Experiment  to  illustrate  Conduction  of  Solids. 

Liquids  Bad  Conductors  of  Heat. 

Gases  Bad  Conductors  of  Hej^t. 
Convection. 

Definition. 

Experiment  to  illustrate  Convection  of  Liquids. 

Convection  of  Gases. 

Practical  Application  of  preceding  Principles. 


SECTION   v.— CHANGE   OF   STATE   OP   BODIES   BY   FUSION   AND 
CONGELATION. 

307.  Fusion.  —  It  ^as  been  stated  that  heat  not  only 
causes  bodies  to  expand,  but  that  it  may  in  certain  circum- 
stances cause  them  to  change  from  the  solid  to  the  liquid 
state,  or  from  the  liquid  to  the  gaseous  state. 

When  a  body  passes  from  a  solid  to  a  liquid  state,  it  is 
said  to  melt^  or  fuse,  and  the  act  of  changing  state  in  this  case 
is  csAled  fusion. 

If  a  melted  body  is  suffered  to  cool,  it  generally  becomes 
solid  at  the  same  temperature  at  which  it  melted.  Hence  the 
melting-point  is  usually  the  same  as  the  freezing-point. 

The  freezing-point  may  be  lowered  in  various  ways.  That  ot 
water  has  been  lowered  several  degrees  below  32°  F.  A  slight  jar, 
however,  will  cause  the  water  to  freeze,  and  the  temperature  will  in- 
stantly rise  to  J^°. 

Fusion  takes  place  when  the  force  of  cohesion,  which  holds  the 
particles  of  a  body  together,  is  exactly  balanced  by  the  heat  which 
tends  to  separate  them.     The  temperature  at  which  fusion  takes 
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place  is  different  for  different  bodies.     For  some  bodies  it  is  very  low 
Mud  for  others  very  high,  as  is  shown  in  the  following  table :  — 


Body. 

Temperature  of 
Fusion. 

Body. 

Temperature  of 
Fusion. 

Mercury     .     . 
Ice     .... 
Tallow    .     .     . 
White  wax 
Sulphur      .     . 
Tin    .... 

—  37.9°  F. 

32° 

91° 
149° 
239° 
451° 

Bismutli     .     . 
I>ead  .... 
Antimony  .     . 
Zinc  .... 
Silver     .     .     . 
Gold.     .     .     . 

612°  F. 

620° 

810° 

080° 
1832° 
2282° 

All  bodies  are  not  melted  by  the  action  of  heat.  Some  are  decom- 
posed, such  as  paper,  wood,  bone,  marble,  etc.  Simple  bodies  —  that 
is,  bodies  which  are  composed  of  but  one  kind  of  matter — always  melt 
if  sufficiently  heated,  with  a  single  exception.  Even  carbon,  the  most 
refractory  of  all  known  bodies,  has  been  brought  to  a  state  of  incip- 
ient fusion. 

The  passage  from  the  solid  to  the  liquid  state  is  generally  abrupt, 
but  not  always.  Some  bodies  show  no  definite  melting-point ;  for 
example,  glass  and  iron  gradually  become  softer  and  softer  until  the 
liquid  condition  is  reached. 

308.  Latent  Heat  of  Fusion.  —  Bodies  which  can  be 
melted  always  present  the  remarkable  phenomenon  that  when 
they  are  heated  to  the  temperature  of  fusion,  they  cannot  be 
heated  any  higher  until  the  fusion  is  complete.  For  example, 
if  ice  be  exposed  to  heat,  it  begins  to  melt  at  32°  F.,  and  if 
more  heat  be  applied,  the  melting  is  accelerated,  but  the  tem- 
perature of  the  mixture  of  ice  and  water  remains  at  32°  until 
all  the  ice  is  melted. 

The  heat  that  is  applied  during  the  process  of  fusion  enters 
into  the  body  without  raising  its  temperature,  and  is  said  to  be- 
come latent.  When  the  bodj'  returns  to  its  solid  state,  all  the 
latent  heat  is  again  given  out,  and  once  more  becomes  sensible. 

Those  who  first  used  the  term  latent  lieat  noticed  that  the  ther- 
mometer did  not  respond  to  the  heat  that  was  communicated  during 
the  process  of  melting,  and  supposed  that  it  was  hidden  away  in  the 
molecular  spaces  in  a  state  of  inaction  ;  hence  the  name  latent. 
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According  to  the  present  theory,  the  heat  is  expended  in  conferring 
potential  energy  upon  the  molecules,  and  performing  the  interior 
work  of  moving  them  into  new  positions.  When  the  heat  is  with- 
drawn this  potential  energy  becomes  kinetic,  and  the  molecules  rush 
back  again  to  their  former  condition  with  the  same  force  used  in  sep- 
arating them.  The  heat  that  was  consumed  now  reappears,  as  has 
been  said,  in  its  original  form  of  sensible  heat. 

The  expression  latent  heat^  although  not  in  strict  accordance 
with  modern  ideas,  is  nevertheless  generally  used  by  physi- 
cists as  a  matter  of  convenience. 

There  can  be  no  confusion  in  its  use  if  we  understand  it  to 
mean  simply  the  amount  of  heat  that  must  be  communicated  to  a 
body  in  a  given  state  in  order  to  convert  it  into  another  state  with- 
out changing  its  temperature. 

If  we  consider  sensible  heat  to  be  kinetic  molecular  energy 
(Art.  263),  then  latent  heat  may  be  regarded  as  potential 
molecular  energy. 

The  phenomenon  of  latent  heat  may  be  illustrated  by  the  follow- 
ing experiment.  If  a  pound  of  pulverized  ice  at  32°  F.  be  mixed 
with  a  pound  of  water  at  174°  F.,  the  heat  of  the  water  will  be  just 
sufficient  to  melt  the  ice,  and  there  will  result  two  pounds  of  water  at 
the  temperature  of  32°  F.  During  the  process  of  melting,  142°  of 
heat  have  been  absorbed  and  become  latent ;  hence  we  say  that  the 
heat  required  to  melt  ice  at  32°  F.  is  142°  ;  or,  in  other  words,  the 
latent  heat  of  water  at  32°  is  142°. 

The  enormous  amount  of  heat  which  becomes  latent  when  ice 
melts  explains  why  it  is  that  large  masses  of  ice  remain  unmelted 
for  a  considerable  time  after  the  temperature  of  the  air  is  raised 
above  32°  F.  Conversely,  the  immense  quantity  of  heat  evolved 
when  water  passes  to  the  state  of  ice  explains  why  it  is  that  ice 
forms  so  slowly  in  extremely  cold  weather.  The  absorption  of  heat 
in  melting  and  the  production  of  heat  in  freezing  tend  to  equalize 
the  temperature  of  climates  in  the  neighborhood  of  large  masses  of 
water,  like  lakes  and  rivers. 

309.  Congelation.  —  Solidification.  —  Regelation.  — 
Any  body  that  can  be  melted  by  the  application  of  heat  can 
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be  brought  back  to  a  solid  state  by  the  abstraction  of  heat. 
This  passage  from  a  liquid  to  a  solid  state  is  Q2\\<^d  congelation^ 
or  solidification. 

In  every  body  the  temperature  at  which  congelation  com- 
mences is  generall}'  the  same  as  that  at  which  fusion  begins. 
Thus,  if  water  be  cooled,  it  will  begin  to  congeal  at  32°  F. ; 
and,  conversely,  if  ice  be  heated,  it  will  begin  to  melt  at 
32°  F.  Furthermore,  the  amount  of  heat  given  out,  or  ren- 
dered sensible,  in  congealing  is  exactly  equal  to  that  ab- 
sorbed, or  rendered  latent,  in  melting. 

That  this  is  really  the  case  may  be  proved  by  the  following  ex- 
periment. If  we  take  two  vessels,  the  first  containing  one  pound  of 
water  at  174°  F.,  and  the  second  one  pound  at  32°  F.,  and  expose 
them  to  the  air  during  a  cold  winter  day,  so  that  equal  amounts  of 
heat  shall  esc-ape  from  both  during  a  given  time,  we  shall  find  that 
the  temperature  of  the  water  in  the  first  vessel  will  immediately  fall, 
while  that  in  the  second  will  remain  stationary. 

In  the  mean  time  the  water  in  the  second  vessel  will  begin  to 
freeze,  but  as  long  as  the  water  keeps  its  liquid  state  the  temperature 
will  stay  at  32°.  When  the  last  particle  of  water  has  frozen,  and 
before  the  temperature  falls,  if  we  observe  the  temperature  in  the 
first  vessel,  we  shall  find  it  to  be  32°.  We  see,  therefore,  that  142° 
of  heat  have  been  given  out  in  the  first  vessel. 

The  same  amount  must  also  have  escaped  from  the  water  in  the 
second,  but  the  temperature  is  not  changed,  because  it  is  the  heat  of 
fusion  given  up  by  the  water  in  changing  into  ie«. 

Some  liquids  cannot  be  congealed  by  the  greatest  cold  to  which  we 
can  subject  them ;  such  are  alcohol  and  ether.  Pure  water  congeals 
at  32° ;  the  salt  water  of  the  ocean  congeals  at  27° ;  olive-oil  at 
21° ;  linseed  and  nut  oils  at  17°. 

Water  reaches  its  maximum  density  at  39.2°,  and  as  its  tempera- 
ture is  diminished  from  this  limit,  its  volume  continues  to  increase 
until  congelation  is  completed. 

When  it  passes  from  a  hquid  to  a  solid  state  the  expansion  is  sud- 
den and  irresistible.  The  immense  power  of  this  expansion  is  seen 
in  the  bursting  of  water-pipes  during  a  frost,  the  breaking  of  pitch- 
ers, tumblers,  vases,  etc.,  in  which  wator  has  been  left,  when  the 
temperature  falls  to  32°. 
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The  following  experiment  illustrates  this  expansive  force 
in  a  still  more  striking  manner :  — 

An  officer  of  the  Artillery  in  Quebec  filled  a  12-inch  shell  (Fig.  208) 
with  water,  and  closed  the  fusee  hole  with  a  wooden  plug  driven  in 
with  a  mallet.  It  was 
then  exposed  to  intense 
frost.  When  the  water 
froze  the  plug  was  pro- 
jected to  a  distance  of  sev- 
eral hundred  feet,  and  a 
long  cylinder  of  ice  issued 
from  the  hole. 

In  another  experiment 
the  bomb  split  open  and  a 
sheet  of  ice  was  forced 
through  the  crack. 

If  two  smooth  pieces  Fig.  *^B. 

of  melting  ice  be  pressed  against  each  other,  they  are  soon 
frozen  together.     This  phenomenon  is  called  regelation. 

Regelation  is  explained  by  supposing  the  interior  of  the  ice  colder 
than  the  outer  layer  just  passing  into  the  state  of  water.  When 
the  pieces  are  pressed  together  the  layer  of  water  at  32°  F.  has  a 
colder  body  on  each  side.  The  latent  heat  of  fusion  of  this  layer  is 
soon  absorbed  and  conducted  away,  and  the  water  is  converted  into 
ice.  The  formation  of  a  snow-ball  depends  on  regelation.  Below  a 
temperature  of  32°  F.  the  particles  of  snow  are  dry  and  regelation 
cannot  take  place.  Hence  a  coherent  snow-ball  can  only  be  made  of 
melting  snow. 

310.  Crystallization. — ^When  bodies  pass  slowly  from  the 
liquid  to  the  solid  state,  their  particles,  instead  of  arrang- 
ing themselves  in  a  confused  manner,  tend  to  gi'oup  them- 
selves into  regular  forms.  These  forms  are  called  crystals^ 
and  the  process  of  forming  them  is  called  crystallization. 

Flakes  of  snow,  sugar  cand3%  alum,  common  salt,  and 
the  like  offer  examples  of  crystallized  bodies.  The  forms  of 
the  crystals  are  best  seen  under  a  magnifying-glass. 

Bodies  may  be  crystallized  in   two  diflV^n^nt  Mays.     In  the  first 
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ease,  we  melt  them,  and  then  allow  them  to  cool  slowly.  If  a  vessel 
of  sulphur  be  melted  and  allowed  to  cool  slowly,  it  will  commence 
crystallizing  about  the  surface,  and  if  we  break  the  crust  thus 
formed,  and  pour  out  the  interior  liquid  sulphur,  we  may  obtain 
beautiful  crystals  of  sulphur. 

In  the  second  case,  we  dissolve  the  body  to  be  crystallized,  and 
then  allow  the  solution  to  evaporate  slowly.  The  dissolved  Ixnly 
is  then  deposited  at  the  bottom  and  on  the  sides  of  the  vessel  in  the 
fonn  of  crystals.  The  slower  the  process,  the  finer  will  be  the  crys- 
tals.   It  is  in  this  manner  that  we  crystallize  candy  and  various  salts. 

311.  Freezing  Mixtures.  —  The  absorption  of  heat 
which  takes  place  when  a  body  passes  from  a  solid  to  a  liquid 
state  is  often  utilized  in  the  production  of  intense  cold.  This 
result  is  best  obtained  by  mixing  certain  substances,  and 
these  mixtures  are  then  called  freezing  mixtures. 

A  mixture  of  one  part  of  common  salt  and  two  parts  of 
pounded  ice  forms  a  mixture  that  is  used  for  freezing  cream. 
The  salt  and  ice  have  an  affinity  for  each  other,  but  they 
cannot  unite  until  the}'  pass  to  the  liquid  state.  In  oixier  to 
pass  to  this  state  thej*  absorb  a  great  quantity  of  heat  from 
the  neighboring  bodies,  and  this  causes  the  latter  to  freeze. 
By  means  of  a  mixture  of  salt  and  snow  the  thermometer  may 
be  reduced  to  0. 

Summary. — 

Fusion. 

Definition. 

Table  of  Fusion  for  different  Substances. 
Latent  Heat  of  Fusion, 

Explanation  of  the  Term  Latent. 

Origin  of  its  Use. 

What  Latent  Heat  really  accomplishes. 
Examples. 
Congelation. 

Definition. 

Heat  given  out  in  Freezing. 
Experiment. 

Expansive  Power  of  Water  in  Freezing. 
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Congelation  (continued). 
Experiment. 
Regelation, 

Explanation  of  the  Term. 
CrystcdUzation, 

Definition. 

Methods  of  Crystallization. 
Freezing  Mixtures, 


SECTION    VI.  — VAPORIZATION. ELASTIC   FORCE   OF   VAPORS. 

312.  Vaporization. — Volatile  and  Fixed  Liquids. — 
When  sufficient  heat  is  applied  to  a  liquid,  it  is  converted 
into  a  gaseous  form  and  is  called  a  vapor.  The  change  of 
state  from  a  liquid  to  a  gaseous  state  is  designated  by  the 
general  term  vaporization. 

If  vaporization  takes  place  slowly  and  from  the  surface,  at 
ordinary  temperatures,  it  is  called  evaporation  ;  but  if  vapor  is 
produced  rapidly  in  the  mass  of  the  liquid  itself,  the  process 
is  termed  boiling. 

Some  solids  are  capable  of  passing  directly  to  a  state  of 
vapor  without  first  becoming  liquid.  Iodine,  arsenic,  and 
camphor  are  examples  of  this  class.  This  is  called  suUima- 
tion.  Even  the  vapor  of  ice  can  be  detected  far  below  the 
freezing-point. 

The  number  of  vapors  that  exist  at  ordinary  temperatures  is  very 
small.  Of  these,  watery  vapor  is  the  most  familiar,  as  well  as  the 
most  important,  on  account  of  the  part  which  it  plays  in  many  nat- 
ural phenomena. 

Liquids  are  divided  into  two  classes,  with  respect  to  the  readiness 
with  which  they  pass  from  the  liquid  to  the  vaporous  state,  viz. 
volatile  liquids  and  fixed  liquids. 

Volatile  liquids  are  those  which  have  a  natural  tendency  to  pass 
into  a  state  of  vapor  even  at  ordinary  temperatures,  such  as  ether, 
alcohol,  and  the  like.  If  a  vessel  of  water,  alcohol,  etlier,  or  chloro- 
form be  left  exposed  to  the  air,  the  liquid  is  slowly  converted  into 
vapor  and  disappears ;  in  other  words,  it  evaporates.     To  the  class 
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of  volatile  liquids  belong  essences,  essential  oils,  volatile  oils, 
amongst  which  may  be  mentioned  spirits  of  turpentine,  oil  of  laven- 
der, attar  of  roses,  oil  of  orange,  and  the  like. 

Fixed  liquids  are  those  which  do  not  pass  into  vapor  at  any  tem- 
perature, as,  for  example,  fish  oils,  olive  oils,  and  the  like.  At  high 
temperatures  they  are  decomposed,  giving  rise  to  various  kinds  of 
gases,  but  to  no  tme  vapors  that  can  be  condensed  into  the  origi- 
nal form  of  the  liquid.  Some  oils,  like  linseed  oil,  harden  on  expos- 
ure to  the  air ;  but  it  is  not  by  evaporation,  but  by  absorbing  oxygen 
from  the  air,  and  thus  passing  to  a  solid  state. 

313.  Elastic  Force  of  Vapors.  — Vapors  are  generally 
colorless,  and  are  endowed  with  an  expansive  force,  or  tension^ 
which,  when  heated,  maj"  become  \evy  great. 

This  property  may  be  illustrated  by  means  of  an  apparatus  shown 

in  Fig.  209.  It  consists  of  a  curved 
tube,  the  short  branch  of  which  is 
closed  and  filled  with  mercury ;  the 
mercury  also  fills  a  portion  of  the 
long  branch.  A  small  quantity  <:»f 
ether  is  introduced  into  the  short 
branch,  when  it  at  once  rises  to  the 
top,  B,  of  this  branch.  At  ordinary 
temperatures,  the  pressure  of  the  ex- 
ternal atmosphere  exerted  through 
the  mercury  is  sufficient  to  prevent 
the  ether  from  forming  vapor. 

If,  however,  the  tube  is  plunged 
into  a  vessel  of  water  heated  to  112°, 
the  ether  will  be  converted  into  va- 
por, and  will  occupy  a  certain  por- 
tion, A  B,  of  the  tube,  holding  in 
equOibrium  the  pressure  of  the  at- 
mosphere, together  with  the  weight 
of  the  mercurial  column,  whose 
height  is  A  C. 

If  the  tube  is  withdrawn  and 
allowed  to  cool,  the  vapor  of  ether 
will  be  condensed,  and  will  appear 
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as  a  liquid  at  B.  If  more  heat  be  applied,  it  will  again  be  con- 
verted into  vapor,  and  the  mercury  will  rise  in  the  branch,  C,  as 
long  as  any  ether  remains  to  be  evaporated.  This  shows  that  the 
tension  of  the  vapor  augments  with  the  temperature.  This  prin- 
ciple holds  true  for  all  kinds  of  vapor. 

The  tension  acquired  by  the  vapor  of  water,  or  steam,  often  be- 
comes so  great  by  being  heated  as  to  burst  the  strongest  vessels,  and 
thus  is  the  cause  of  frightful  accidents.  The  cause  of  wood  snap- 
ping when  burned  in  a  fireplace  is  the  expansion  of  the  water  in  the 
pores,  giving  rise  at  last  to  an  explosion.  When  a  chestnut  is 
roasted  in  the  ashes,  the  moisture  within  the  shell  expands  into 
steam,  and  explodes  with  sufficient  force  to  throw  the  nut  from  the 
fire.  Henc«  it  is  that  a  small  puncture  is  usually  made  in  the  shell, 
which  permits  the  esc^ape  of  the  steam  and  prevents  explosion. 

314.  Instantaneous  Evaporation  in  a  Vacuum.  — 
Vapors  formed  upon  the 
surface  of  a  liquid  es- 
cape by  virtue  of  their 
tension.  Under  ordi- 
nary circumstances,  the 
pressure  of  the  air  pre- 
vents a  very  rapid  es- 
cape of  vapor  at  ordi- 
nary temperatures,  but 
when  the  atmospheric 
pressure  is  diminished 
in  any  way,  evaporation 
takes  place  with  great 
rapidity.  If  the  pres- 
sure is  entirely  removed, 
the  evaporation  is  in- 
stantaneous, like  the  > 
flash  of  gunpowder,  es-  _: 
pecially  if  the  liquid  is 
very  volatile. 

This  principle  may  be 
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illustrated  by  means  of  the  apparatus  shown  in  Fig.  210.  It  consists 
of  several  barometer  tubes,  A,  B,  C,  D,  filled  with  mercury,  and 
inverted  in  a  common  cistern  of  mercury,  as  shown  in  the  figure. 
The  whole  apparatus  is  supported  by  a  frame,  to  which  is  attached 
a  graduated  scale.  The  mercury  will  stand  at  the  same  height  in 
all  of  the  tubes,  —  at  the  height  in  A,  for  example. 

If  a  few  drops  of  water  be  introduced  into  the  tube,  By  they  will 
rise  through  the  mercury  in  the  tube,  and  on  reaching  the  vacuum 
will  be  instantly  converted  into  vapor,  as  is  shown  by  the  depression 
that  takes  place  in  the  column  of  mercury.  If  a  little  alcohol  be 
introduced  into  the  tube,  C,  it  wUl,  in  like  manner,  be  converted 
into  vapor,  and  will  produce  a  still  greater  depression  of  the  column. 
If  a  small  quantity  of  ether  be  introduced  into  the  tube,  2),  a  still 
greater  depression  of  the  mercury  will  be  observed. 

This  experiment  shows  that  the  tension  of  the  vapor  of  ether  is 
greater  than  that  of  alcohol,  and  that  of  alcohol  greater  than  that  of 
water.  By  careful  measurement,  it  is  found  that  the  tension  of  the 
vapor  of  ether  is  twenty-five  times  as  great  as  that  of  water,  and 
six  times  as  great  as  that  of  alcohol. 

315.  Limit  of  the  Tension  of  Vapors.  —  If  a  suffi- 
cient quantity  of  each  of  the  liquids  in  the  last  experiment  be 
introduced  into  the  tubes,  vapor  will  finally  cease  to  form, 
and  a  portion  will  remain  in  the  liquid  state.  In  this  case 
the  tension  of  the  vapor  already  formed  is  sufficient  to  bal- 
ance the  tendency  of  the  liquid  to  pass  into  a  state  of  vapor. 
In  this  state  of  affairs  no  more  vapor  can  form  without  a 
cliange  of  temperature.  This  is  the  case  supposed  in  the 
last  article. 

316.  Causes  that  accelerate  Evaporation.  —  The 
slow  evaporation  of  water  on  the  surface  of  our  globe  is 
accelerated  by  many  causes,  some  of  which  are  indicated 
below  :  — 

1.  Temperature. — Increase  of  temperature  also  increases 
the  tension  of  the  vapor  formed,  and  accelerates  evapora- 
tion. 

This  property  is  utilized  in  the  arts  in  the  manufacture  of  extracts. 
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The  evaporation  is  carried  on  in  chambers  kept  at  temperatures  of 
from  80°  to  140°  F.,  the  air  being  continually  renewed  to  carry  off 
the  vapor  as  fast  as  formed. 

2.  Pressure,  —  Diminution  of  pressure  facilitates  evapora- 
tion. 

This  principle  has  been  utilized  in  the  arts  for  the  concentration 
of  syrups.  This  application  is  illustrated  by  the  method  of  concen- 
trating syrups  in  sugar  refining.  The  syrups  are  placed  in  large 
spherical  boilers,  from  which  the  air  is  extracted  by  means  of  air- 
pumps  worked  by  steam. 

3.  Change  of  Air,  — A  continual  change  of  the  air  in  con- 
tact with  the  liquid  facilitates  evaporation,  by  carrying  off 
the  vapor  which  would  otherwise  saturate  the  layer  in  contact 
with  the  liquid,  and  effectually  check  the  formation  of  addi- 
tional vapor. 

It  is  for  this  reason  that  the  surface  moisture  of  our  fields  and 
roads  disappears  more  rapidly  when  there  is  a  breeze  than  in  calm 
weather.  In  the  arts,  the  principle  is  applied  by  keeping  a  current 
of  air  playing  across  the  surface  of  the  liquid  to  be  evaporated,  by 
means  of  blowers  or  otherwise. 

4.  Extent  of  the  Liquid. — A  large  surface  is  favorable  to 
rapid  evaporation,  hy  affording  a  great  number  of  points 
from  which  vapor  may  be  formed. 

This  principle  is  utilized  in  the  arts  by  employing  shallow  and 
broad  evaporating  pans.  This  application  is  illustrated  by  the  pro- 
cess of  making  salt  fi-om  sea-water.  The  water  is  spread  out  in 
large  pans,  which  are  very  shallow,  and  then  exposed  to  the  influence 
of  the  sun's  rays,  when  the  water  slowly  evaporates,  leaving  the  salt 
in  the  form  of  crystals. 

317.  Ebullition.  —  Ebullition,  or  Boiling,  is  a  rapid 
evaporation,  in  which  the  vapor  escapes  in  the  form  of  bub- 
bles. The  bubbles  are  formed  in  the  interior  of  the  liquid, 
and,  rising  to  the  surface,  the}^  collapse,  permitting  the  vapor 
to  pass  into  the  air. 

In  heating  water,  the  first  bubbles  are  due  to  the  small  quantitie 
of  air  contained  in  the  liquid,  which  expand  and  rise  to  the  sur- 
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face.  Afterwards,  as  the  heat  is  kept  up,  particles  of  water  are 
converted  into  vapor  and  rise  through  the  liquid,  becoming  con- 
densed by  the  colder  lay- 
ers of  water  above  them. 
The  formation  and  con- 
densing of  these  first 
bubbles  cause  the  sing- 
ing noticed  in  liquids  be- 
fore they  begin  to  boil. 
When  all  of  the  layers 
become  suitably  heated, 
the  bubbles  are  no  long- 
er condensed,  but  rise  to 
the  surface,  and  escape 
with  a  commotion  that 
we  call  boiling,  as  shown 
in  Fig.  211. 

The  following  are 
the  laws  that  govern 
the  phenomena  of  eb- 
ullition :  — 

1.    Under    the   same 
Fig.  211.  pressure  each  liquid  en- 

ters into  ebullition  at  a  fixed  temperature. 

The  temperature  at  which  a  liquid  boils  is  called  its  boiling- 
point.  When  the  barometer  stands  at  30  inches,  the  boiling- 
point  of  pure  water  is  212°  F. ;  the  boiling-point  of  ether  is 
108  F.  ;  the  boiling-point  of  alcohol  is  174°  F.,  and  the  boil- 
ing-point of  mercury  is  660°  F. 

2.  The  pressure  remaining  the  same,  a  liquid  cannot  be  heated 
higher  than  the  boiling-point. 

For  example,  if  water  be  heated  to  212°,  it  will  begin  to 
boil,  and  no  matter  how  much  heat  ma}^  be  applied,  it  will 
continue  to  boil,  but  will  never  become  hotter  than  212° ; 
all  the  applied  heat  passes  into  the  vapor  and  becomes 
latent.  It  becomes  latent,  because  it  does  not  heat  either 
the  water  or  the  steam  above  212°. 
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318.  Causes  that  modify  the  Boiling- Point  of 
Liquids.  —  The  principal  causes  that  influence  the  boiling- 
point  of  liquids  are:  the  presence  of  foreign  bodies^  varia- 
tions of  pressure^  and  the  nature  of  the  vessels  in  which  the 
boiling  is  effected. 


Fig.  212. 

1 .  Presence  nf  Foreign  Bodies.  —  Matter  in  solution  gener- 
ally raises  the  boiling-point  of  a  liquid.  Thus,  a  solution  01 
salt  does  not  boil  so  readily  as  pure  water.  If,  however,  the 
body  dissolved  is  more  volatile  than  water,  then  the  boiling- 
point  is  lowered.  Fatt}^  matters  combined  with  water  raise 
its  boiling-point.  Hence  it  is  that  boiling  soup  is  hotter 
than  boiling  water. 

2.  Variations  of  Pressure.  —  Increase  of  pressure  raises, 
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and  diminution  of  pressure  depresses,  the  boiling-point. 
When  the  pressure  is  great,  the  vapor,  in  order  to  escape, 
must  have  a  high  tension,  and  this  requires  a  high  tem- 
perature. When  the  pressure  is  small,  the  reverse  is  the 
ease. 

This  principle  may  bo  illustrated  by  the  apparatus  shown  in  Fig. 
212.  It  consists  of  a  bell-glass,  connected  with  an  air-pump.  Be- 
neath the  glass  is  a  vessel  of  water.  If  the  air  be  exhausted  from  the 
bell-glass,  the  water  enters  into  ebullition,  even  at  ordinary  tempera- 
tures.    This  is  because  the  pressure  is  diminished. 

If  it  is  desirable  to  continue  the  ebullition  for  some  time,  an 
arrangement  must  be  made  to  remove  the  vapor  as  fast  as  formed. 
This  can  be  effected  by  placing  a  dish  of  sulphuric  acid  under  the 
bell-glass.  The  acid  absorbs  the  vapor  with  great  avidity.  Fur- 
thermore, there  is  no  increase  of  temperature  in  the  water,  but,  on  the 

contrary,  the  temperature  continu- 
ally falls,  and  the  water  may  even 
be  frozen. 

The  influence  of  pressure  on  the 
boUing-point  can  also  be  illustrated 
by  the  following  experiment.  Take 
a  flask  (Fig.  213),  about  half  full 
of  water,  expel  the  air  by  boiling, 
and  when  the  steam  is  escaping 
cork  it  tightly  and  invert;  the 
steam,  by  its  pressure,  will  stop 
the  boiling  ;  pour  cold  water  over 
it,  the  steam  will  be  condensed, 
and,  the  pressure  being  removed, 
the  boiling  will  begin  again,  which 
in  its  turn  will  cease  if  hot  water 
be  poured  over  it. 

The  height  of  a  mountain  can 
be  approximately  ascertained  by 
observing  the  difference  between 
the  boiling-point  at  its  summit  and  at  its  base.  The  higher  we 
ascend  the  mountain,  the  less  the  pressure  and  the  lower  the  boil- 
ing-point. 


Fig.  213. 
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3.  Nature  of  the  Vessel,  —  When  the  interior  of  the  vessel 
is  rough,  the  projecting  points  fonn  centres  for  developing 
vapor,  and  the  boiling-point  is  lower  than  when  the  surface  is 
smooth.  Water  boils  at  a  lower  temperature  in  an  iron  than 
in  a  glass  vessel.  In  fixing  the  boiling-point  of  thermome- 
ters, a  metallic  vessel  should  always  be  employed  to  boil  the 
water  in,  on  account  of  the  fact  just  mentioned. 

319.  Papin's  Digester.  —  When  water  is  heated  in  open 
vessels,  its  temperature  cannot  be  raised  beyond  a  certain  limit,  but 
in  closed  vessels  both  the  water  and  its  vapor  may  be  raised  to  very 
high  temperatures,  so  that  the  tension  of  the  vapor  may  reach  several 
atmospheres.  The  instrument  employed  to  show  this  fact  is  called 
Pawn's  Digester,  so  called  because  Papin  invented  it  for  extract- 
ing the  nutriment  from  bones.  The  high  temperature  dissolves  the 
gelatine. 

It  is  represented  in  Fig.  214,  (jj^J 

and  consists  of  a  thick  bronze  rSfc 

vessel,  M,  whose  cover  is  held 
in  place  by  a  screw  passing 
through  a  strong  frame.  It  is 
about  two  thirds  filled  with 
water  and  heated  on  a  furaace. 

The  vapor  accumulates,  in- 
creases the  pressure,  and  raises 
the  boiling-point.  To  avoid  dan- 
ger of  explosion,  the  instrument 
is  provided  with  a  safety-valve, 
similar  to  that  used  in  steam- 
engine  boilers.  The  safety- 
valve  consists  of  a  valve,  1*, 
fitting  closely  over  an  opening 
in  the  cover.  This  valve  is 
held  in  place  by  a  lever,  a6, 
and  a  movable  weight,  p.  One 
end  of  the  lever  is  fastened  at  a 
by  a  hinge-joint.  By  moving  the  weight,  p,  along  the  lever,  we 
may  vary  the  force  with  which  the  valve,  w,  is  kept  in  place. 

Whenever  the  tension  of  the  vapor  within  the  digester  exceeds  the 


Fig.  214. 
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weight  exerted  upon  the  valve  by  the  lever,  the  valve  will  be  forced 
open,  and  a  portion  of  the  steam  wiU  escape  with  a  whistling  sound 
that  indicates  great  compression.  If  the  valve  be  left  open,  the 
temperature  can  only  be  raised  to  212°,  and  we  have  the  phenom- 
ena of  simple  boiling. 

If  water  be  heated  in  a  well-corked  bottle,  the  tension  of  the 
vapor  will  finally  cause  the  cork  to  spring  from  its  place  with  a 
loud  explosion.  It  is  the  high  tension  of  confined  vapors  that  gives 
rise  to  the  explosion  of  steam-boilers.  Hence  the  necessity  of  con- 
structing them  of  strong  materials,  and  of  providing  them  with 
proper  safety-valves. 

320.  Measure  of  the  Elastic  Force  of  Vapor.  — 
Dalton  measured  the  elastic  force  of  watery  vapor  at  every 
temperature,  from  32°  F.  up  to  212'*  F. 

His  method,  however,  is  wanting  in  precision,  but  Regnault, 
with  a  more  complicated  apparatus,  obtained  results  of  greater 
accuracy. 

Two  methods  have  been  devised  for  determining  the  tension  of 
aqueous  vapor  above  212°,  one  by  Dulong  and  Arago,  in  1830, 
and  the  other  by  Regnault,  in  1844. 

All  the  results  that  were  reached  prove  that  the  tension  increases 
very  rapidly  with  the  temperature. 

321.  Latent  Heat  of  Vapors. — When  a  liquid  begins 
to  boil,  all  the  heat  that  is  added  enters  into  the  vapor  and 
becomes  latent.  The  amount  of  heat  that  becomes  latent  is 
different  for  different  liquids.  It  is  called  the  latent  heat  of 
vaporization. 

What  was  said  about  the  term  latent  in  the  case  of  fusion 
may  be  repeated  concerning  vaporization^  namely,  it  is  a  con- 
venient word  to  use. 

It  was  also  stated  that  this  heat  was  really  expended  in  con- 
ferring potential  energy  upon  the  molecules,  and  performing  the 
interior  work  of  moving  the  atoms  into  new  positions.  A  greater 
amount  of  potential  energy  is  conferred  upon  the  molecules  in  the 
case  of  vapors ;  and  more  work  is  to  be  done,  for  besides  the  in- 
terior work  of  pulling  apart  the  liquid  molecules,  there  is  the  ex- 
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teraal  work  of  pushing  back  the  atmosphere  so  that  the  Tapor  can 
expand. 

When  the  heat  is  withdrawn,  the  molecules  rush  back  again 
to  their  former  condition,  with  a  kinetic  energy  equal  to  that  em- 
ployed in  separating  them.  The  heat  that  was  consumed  now 
reappears. 

322.  Latent  Heat  of  Steam.  —  When  the  source  of 
heat  is  the  same,  it  takes  about  5^  times  as  long  to  change 
water  into  steam  as  to  raise  the  same  quantitj^  of  water  from 
the  freezing  to  the  boiling  point,  180°.  We  find  the  latent 
heat  of  steam  to  be  180  X  5i,  or  990° ;  that  is,  it  takes 
b\  times  as  much  heat  to  convert  any  quantity  of  water  into 
steam  as  to  raise  the  same  quantity  from  32°  to  212°. 

This  may  be  verified  by  mixing  1  lb.  of  steam  at  212°  with  5J  lbs. 
of  water  at  32°.  The  result  is  6^  lbs.  of  water  at  212*^.  The  ex- 
periment can  be  performed  by  putting  the  1  lb.  of  water  into  a  flask, 
and  connecting  the  flask  by  a  tube  with  a  beaker  containing  the 
5J  lbs.  Then  place  the  flask  over  the  spirit-lamp  or  gas-jet,  so 
that  the  steam  shall  pass  through  the  tube  into  the  water.  The 
latent  heat  of  the  steam  is  given  out,  when  it  is  condensed,  and  raises 
the  temperature  of  the  water  to  the  boiling-point. 

323.  Examples  of  Cold  produced  by  Heat  becoming 
Latent.  —  If  a  few  drops  of  ether  be  poured  upon  the  hand  and 
allowed  to  evaporate,  a  sensation  of  cold  will  be  felt.  The  ether  in 
evaporating  extracts  the  heat  from  the  hand,  which  becomes  latent. 

Damp  linen  feels  cold  when  applied  to  the  body,  because  the  mois- 
ture in  passing  to  a  state  of  vapor  extracts  the  animal  heat,  which, 
entering  the  vapor,  becomes  latent. 

The  warm  wind  of  summer  is  refreshing,  because  it  causes  a  more 
rapid  evaporation  of  the  perspiration,  which  abstracts  animal  heat 
from  the  body  to.  become  latent  in  the  vapor  thus  produced.  The 
coolness  that  results  from  sprinkling  the  floor  of  an  apartment  in 
summer  arises  from  the  passage  of  heat  from  a  sensible  to  a  latent 
state,  in  consequence  of  the  evaporation  of  the  water.  For  the 
like  reason,  a  shower  of  rain  is  generally  followed  by  a  diminished 
temperature. 

Water  may  be  cooled  by  putting  it  in  porous  vessels.    A  small 
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quantity  escapes  through  the  pores,  and  in  evaporating  abstracts  a 
portion  of  heat  from  the  remaining  liquid,  thus  reducing  its  tempera- 
ture. This  is  the  process  of  cooling  water  employed  in  many  tropi- 
cal countries. 

324.  Spheroidal  State. — If  a  metallic  disk  be  heated 
red-hot,  and  a  little  water  be  dropped  upon  it,  the  liquid  does 
not  wet  the  disk,  but  takes  the  form  of  a  flattened  globule, 
and  rotates  rapidly  about  on  the  bottom. 

As  the  disk  cools,  it  reaches  a  point  where  the  spheroidal 
state  cannot  be  maintained,  and  the  water  moistens  the  metal 
and  goes  off  instantly  in  a  cloud  of  steam. 

This  peculiar  action  of  the  water  can  be  explained  as  follows  : 
When  it  comes  near  the  hot  disk,  steam  is  generated  beneath  it, 
which  acts  as  a  sort  of  cushion  to  keep  it  from  the  metallic 
surface. 

That  the  globule  of  liquid  is  not  in  contact  with  the  vessel  was 
clearly  proved  by  Boutigny.  He  heated  a  silver  plate  and  placed 
it  in  a  horizontal  position  ;  then  dropped  upon  it  a  little  dark-colored 
water.  When  the  water  assumed  the  spheroidal  condition,  the  flame 
of  a  candle  placed  at  a  little  distance  could  be  distinctly  seen  between 
the  drop  and  the  plate. 

325.  Congelation  of  Water  and  Mercury. — When 
evaporation  is  rapidly  increased,  the  absorption  of  heat  is 
proportionally  increased,  and  as  it  is  taken  from  the  sur- 
rounding objects,  these  are  sometimes  frozen.  It  has  been 
stated  that  water  may  be  frozen  under  the  receiver  of  the  air- 
pump  by  absorbing  the  vapor  as  rapidly  as  it  is  generated. 

B3'  operating  with  a  liquid  more  volatile  than  water,  a 
greater  degree  of  cold  is  produced.  B}^  using  sulphurous 
acid,  which  boils  at  14°  F.,  a  sufficient  degree  of  cold  is  pro- 
duced to  freeze  mercur3\  This  is  effected  by  surrounding  a 
thermometer  bulb  with  cotton,  saturated  with  sulphurous  acid, 
and  then  placing  it  under  a  receiver  and  exhausting  the  air. 

The  rapid  vaporization  abstracts  so  much  heat  from  the  mercury 
that  it  freezes  in  a  few  minutes.  If  we  break  the  bulb,  the  mercury 
is  found  in  a  solid  mass,  like*  a  leaden  bullet.     In  this  form  mercury 
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can  be  drawn  out  into  sheets,  or  stamped  like  a  coin ;  but  it  soon  ab- 
sorbs heat  from  neighboring  bodies,  and  again  passes  to  a  liquid 
state. 

The  temperature  of  a  liquid  in  the  spheroidal  state,  explained  in 
Art.  324,  is  always  below  its  boiling-point.  This  property  has 
been  applied  by  Boutigny  in  freezing  water  in  a  red-hot  crucible. 

He  heated  a  platinum  disk  to  a  bright  redness,  and  placed  a  small 
quantity  of  liquid  sulphurous  acid  in  it.  The  acid  assumed  the  sphe- 
roidal state,  and  water  dropped  upon  it  was  instantly  frozen. 

By  using  liquid  nitrogen  protoxide,  instead  of  sulphurous  acid, 
mercury  can  be  frozen. 

The  boiling-point  of  the  protoxide  is  about  —  94°  F. 
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SECTION   Vn.  —  CONDENSATION   OP   GASES  AND  VAPORS.  —  SPECIFIC 
HEAT.  SOURCES   OF   HEAT   AND   COLD. 

326.  Causes  of  Condensation.  —  The  Condensation  of 
a  vapor  is  its  change  from  a  vaporous  to  a  liquid  state.  This 
change  of  state  may  arise  from  chemical  action^  pressure^  or 
diminution  of  temperature. 

1.  Chemical  Action. — The  affinity  of  ceitain  substances 
for  the  vapor  of  water  is  so  strong  that  the}'  absorb  it  from 
the  air,  even  when  the  latter  is  not  saturated ;  such,  for  ex- 
ample, are  quick-lime,  potash,  sulphuric  acid,  and  many- 
others.  When  placed  in  a  closed  space,  they  in  a  short 
time  abstract  all  the  moisture  that  is  in  it. 

2.  Pressure.  — If  a  closed  cylinder  be  filled  with  vapor,  and 
this  be  compressed  b}'  a  piston,  as  soon  as  the  space  occupied 
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by  the  vapor  is  saturated  it  will  begin  to  condense,  and  if  the 
pressure  be  continued  all  the  vapor  will  be  reduced  to  the 
liquid  state. 

Until  the  space  becomes  saturated,  the  pressure  must  be  continu- 
ally increased  on  account  of  the  augmented  tension  of  the  vapor ;  but 
after  liquefaction  begins  no  further  augmentation  of  tension  takes 
place,  and  the  pressure  required  to  complete  the  hquefaction  remains 
uniform. 

3.  Diminution  of  Temperaiure,  —  When  the  temperature  of 
any  space  is  diminished,  the  amount  of  vapor  required  for 
saturation  is  diminished.  After  the  point  of  saturation  is 
reached,  any  further  diminution  of  temperature  causes  a  de- 
posit of  the  vapor  in  a  liquid  form. 

Steam  is  colorless,  but  when  allowed  to  escape  into  the  cold  air, 
condensation  takes  place  in  the  form  of  drops,  which  become  visible. 
For  the  same  reason,  the  moisture  contained  in  the  breath  becomes 
visible  in  cold  weather. 

In  winter  the  glass  of  our  windows  ofken  becomes  coated  with 
drops  like  dew-  This  arises  from  the  fact  that  the  glass  is  colder 
than  the  air  of  the  room,  and  thus  acts  continually  to  produce  con- 
densation of  the  vapor  in  the  air.  If  the  difference  of  temperature  is 
sufficient,  the  particles  of  vapor  are  frozen  as  they  are  deposited,  pro- 
ducing beautiful  crystallizations.  When  the  external  air  is  warmer 
than  that  within,  the  deposit  takes  place  on  the  outside  of  the  glass. 
If  a  vessel  of  cold  water  be  placed  in  a  warm  room,  a  deposition  of 
moisture  takes  place  on  its  exterior  surface. 

327.  Heat  developed  by  Condensation. — When  a 
liquid  passes  to  a  state  of  vapor,  a  great  quantity  of  heat  is 
absorbed  from  neighboring  bodies,  and  becomes  latent. 
When  the  vapor  returns  to  a  liquid  state,  an  equal  amount  of 
heat  is  given  out  and  becomes  capable  of  affecting  our  senses ; 
in  other  words,  it  becomes  sensible. 

328.  Heating  by  Steam.  —  Buildings  are  heated  by 
means  of  steam  conveyed  from  a  boiler  in  the  lower  story, 
through  iron  pipes  in  the  walls.     The  steam,  by  its  heat  and 
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by  the  heat  given  out  on  condensation,  serves  to  warm  the 
apartments  through  which  it  is  made  to  pass.  To  this  end, 
coils  of  pipes  are  placed  in  the  rooms  to  be  warmed. 

329.  Distillation.  —  Distillation  is  the  process  of  sep- 
arating liquids  from  each  other  by  means  of  heat. 

The  most  volatile  of  the  liquids  is  most  easily  evaporated, 
and  its  vapor  is  then  condensed.  The  heat  should  be  kept 
above  the  boiling-point  of  the  liquid  that  we  wish  to  obtain. 


-^  M    t  'Tf  *"^ 


Fig.  216. 

but  below  that  which  we  wish  to  leave  behind.  The  boiling- 
point  of  alcohol  being  174°  F.,  and  that  of  water  212°,  if  a 
mixture  of  alcohol  and  water  be  heated  up  to  some  tempera- 
ture between  these  limits,  the  alcohol  will  all  be  vaporized, 
whilst  most  of  the  water  will  remain  behind. 

330.  Method  of  Distillation.  —  An  Alembic,  or  Still, 
is  an  apparatus  for  distillation. 

The  most  usual  form  of  an  alembic  is  represented  in 
Fig.  215.     It  is  composed  of  a  boiler,  A,  with  a  cover,  B^ 
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called  the  dome.  From  the  top  of  the  dome  a  metallic  tube, 
C,  passes  into  a  vessel,  aS,  called  the  condenser,  and  is  then 
bent  into  a  spiral  form.  This  tube  is  called  the  worm.,  and  after 
passing  through  the  condenser,  S^  it  leads  to  a  receiver .,  D. 
The  condenser,  aS',  is  kept  full  of  cold  water  by  an  arrange- 
ment shown  in  the  figure. 

The  substance  to  be  distilled  is  placed  in  ^,  and  a  suitable 
heat  is  then  applied.  The  more  volatile  portion  is  converted 
into  vapor,  rises  into  the  dome,  and,  passing  through  the 
worm,  is  condensed,  and  escapes  in  a  liquid  form  into  the 
receiver,  Z>. 

Wine  is  composed  of  water,  alcohol,  and  a  coloring  matter.  If 
this  liquid  be  placed  in  the  alembic  and  heated  to  any  temperature 
between  174°  and  212°,  the  alcohol  is  separated  from  the  other  in- 
gredients. As  a  portion  of  water  is  evaporated,  the  alcohol  thus 
obtained  is  not  pure,  and  will  require  to  be  distilled  again.  At  each 
distillation  the  strength  is  increased,  but  no  amount  of  distillation  can 
render  it  absolutely  pure. 

By  distillation,  pure  water  may  be  obtained  from  the  brine  of  the 
ocean,  or  from  the  impure  water  of  our  wells  and  springs. 

331.  Liquefaction  of  Gases.  — All  of  the  gases  have 
been  liquefied,  either  by  pressure  alone,  or  b}-  a  combination 
of  pressure  with  a  diminution  of  temperature.  An  immense 
pressure  may  be  had  by  utilizing  the  tension  of  the  gases 
themselves,  by  generating  large  quantities  in  confined 
spaces. 

One  of  the  most  interesting  examples  of  the  liquefaction  of  a  gas 
is  that  of  carbonic  acid,  which  is  capable  not  only  of  liquefaction,  but 
also  of  congelation.  For  this  purpose  two  very  strong  cylinders  are 
fitted  together,  both  being  hermetically  sealed,  and  communicating 
by  a  pipe.  One  of  these  cylinders  is  the  generator^  and  the  other  the 
receiver.  In  the  generator  are  placed  the  ingredients  necessary  to 
generate  carbonic  acid,  usually  bicarbonate  of  soda  and  sulphuric 
acid. 

After  the  opening  is  carefully  closed,  these  materials  are  brought 
into  contact,  when  an  immense  volume  of  carbonic  acid  is  developed 
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and,  being  unable  to  expand,  its  tension  becomes  so  great  that  a 
portion  is  condensed  into  a  liquid  fonn.  The  tension,  at  the  temper- 
ature of  60°  F.,  is  equal  to  50  atmospheres,  or  750  lbs.  on  each 
square  inch.  As  the  use  of  this  apparatus  is  attended  with  danger, 
it  has  come  into  general  disfavor. 

Another  method  is  to  draw  the  gas  by  a  condensing-pump  from  a 
generator  and  to  force  it  into  a  receiver. 

After  liquefaction  has  ceased,  if  a  stopcock  be  turned  so  as  to 
allow  a  part  of  the  confined  gas  to  escape,  a  portion  of  the  liquid 
acid  passes  to  a  state  of  vapor  with  immense  rapidity,  and  in  doing 
so,  absorbs  so  much  heat  from  the  remaining  portion  as  to  freeze  it. 
The  frozen  acid  is  thrown  out  by  the  gaseous  jet  in  flakes  like  snow. 
It  is  very  white,  and  so  cold  as  to  freeze  mercury  instantly.  It 
evaporates  very  slowly,  and  when  tested  with  a  spirit  thermometer, 
its  temperature  is  found  to  be  106°  below  the  0  of  Fahrenheit's 
thermometer. 

If  the  solid  acid  be  mixed  with  ether,  it  changes  into  a 
vs^r  rapidly,  and  intense  cold  is  the  result.  If  the  mix- 
ture be  placed  under  the  receiver  of  an  air-pump,  the  evapo- 
ration is  more  rapid,  and  greater  cold  is  produced. 

Faraday  obtained  a  temperature  in  this  way  of  — 166°  F.  A 
temperature  of  — 220^  F.  was  obtained  by  Natterer  by  evapo- 
rating under  the  exhausted  receiver  a  mixture  of  bisulphide  of  car- 
bon and  liquid  nitrogen  protoxide. 

By  powerful  and  ingenious  appliances  all  the  gases  have  been 
liquefied,  but  a  detailed  description  of  the  apparatus  cannot  be  given 
here. 

332.  Specific  Heat  of  Solids  and  Liquids.  —  Experi- 
ment shows  that  different  bodies  require  different  amounts 
of  heat  to  elevate  their  temperatures  through  the  same  num- 
ber of  degrees. 

If  equal  weights  of  water,  iron,  and  mercury  have  the  same 
amount  of  heat  communicated  to  them,  the  mercury  will  be 
most  heated,  the  iron  next,  and  the  water  least  of  all. 
When  heated  to  a  certain  temperature,  water  absorbs  ten 
times  as  much  heat  as  iron,  and  thirty-three  times  as  much 
as  mercury. 
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Conversely,  if  the  same  quantities  of  these  substances  at 
212°  F.  are  allowed  to  cool  down  to  the  temperature  of  the 
atmosphere,  the  water  will  require  a  much  longer  time  than 
either  the  iron  or  mercury-,  and  will  give  out  more  heat. 

In  order  to  compare  bodies  with  respect  to  the  quantity  of  heat 
they  absorb  or  give  out,  we  take  as  a  standard  unit  the  amount  of 
heat  necessary  to  raise  a  given  weight,  say  one  pound,  of  water 
through  1°  F.     This  is  called  a  timt  of  heat 

333-  Definition  of  Specific  Heat.  —  Specific  Heat  indi- 
cates the  quantity  of  heat  required  to  raise  one  pound  of  any 
wbstance  1°  F.,  compared  with  the  quantity  necessary  to  raise  the 
same  weight  of  water  1°. 

Thus  it  requires  ^  as  much  heat  to  raise  a  pound  of  mercury  1°  as 
it  requires  in  the  case  of  a  pound  of  water,  that  is,  ^  of  a  unit  of 
heat.  Hence  we  say  that  the  specific  heat  of  mercury  is  ^,  or 
.033. 

Two  principal  methods  have  been  employed  to  ascertain 
the  relative  specific  heat  of  bodies:  (1)  The  method  of  mix- 
ture; (2)  Hy  melting  ice, 

334.  The  Method  of  Mixture^  —  In  this  method  the 
body  to  be  experimented  upon  is  heated  to  a  certain  tempera- 
ture, and  then  plunged  into  water  at  a  lower  temperature. 
The  two  bodies  interchange  heat  and  come  to  a  common  tem- 
perature. Then,  from  a  knowledge  of  the  weights  of  the  two 
bodies  mixed,  their  onginal  temperatures,  and  their  common 
resulting  temperature,  their  relative  specific  heats  may  be 
determined. 

If  we  mix  one  pound  of  mercury  at  68°  with  one  pound  of  water  at 
32°,  the  temperature  of  the  mixture  will  be  33.15°.  The  water, 
therefore,  has  gained  1.15  units  of  heat. 

This  amount  of  heat,  also,  is  evidently  sufficient  to  raise  the  tem- 
perature of  one  pound  of  mercury  from  33.15°  to  68°,  that  is, 
through  34.85°. 

Now,  if  1.15  units  of  heat  can  raise  the  temperature  of  one  pound 
of  mercury  34.85°,  it  will  take  as  many  units  to  raise  it  1°  as  34.85° 
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is  contained  in  1.15,  which  gives  as  a  result,  .033  of  one  unit. 
This  decimal  expresses  the  specific  heat  of  mercury.  This  method  is 
simple  and  reasonably  accurate,  if  proper  care  be  used. 

335.  Method  by  Melting  Ice.  —  In  this  method  the 
bodies  to  be  experimented  upon  are  taken  of  equal  weights, 
brought  to  a  standard  temperature,  say  212°  F.,  and  then 
brought  into  contact  with  ice.  The  amount  of  ice  melted 
makes  known  the  quantity  of  heat  given  off  by  the  bodies  in 
passing  from  212°  to  32°,  from  which  the  relative  specific 
heats  may  be  determined. 

An  instrument  called  the  calorimeter  (Fig.  216)  is  used  in 
this  method.  M  contains  the  heated  body,  A  the  ice  to  be 
melted,  Z>  the  outlet  for  the  water  of  the 
melted  ice.  Ice  is  also  placed  at  -5  to 
prevent  the  heat  of  the  air  .from  melting 
the  ice  at  A,  There  is  an  outlet  at  E  for 
the  water  which  comes  from  the  liquefac- 
tion of  the  ice  in  B,  We  can  tell  how 
much  ice  is  melted  by  the  different  bodies 
by  measuring  the  respective  quantities  of 
water  that  run  off  at  D, 

It  will  be  found  that  equal  weights  of  iron, 
sulphur,  and  mercury  will  melt,  respectively,  ^,  -J, 
and  ^'^  as  much  ice  as  the  same  weight  of  water. 
CaUing  the  specific  heat  of  water  unitt/y  these 
fractions  express  the  specific  heat  of  the  substances.  Either  of  these 
methods  may  be  used  to  find  the  specific  heat  of  solids  and  liquids. 

That  the  specific  heats  of  different  substances  differ  very  widely 
from  one  another  can  be  clearly  seen  from  the  following  experiment. 
Take  five  balls  of  equal  weights,  made  of  iron,  tin,  copper,  lead,  and 
bismuth.  Heat  them  to  the  same  temperature,  say  300°  F. ;  then 
place  them  (Fig.  217)  on  a  disk  of  wax.  Every  ball  gives  up  some 
of  its  heat  to  the  wax,  causing  it  to  melt. 

The  iron  goes  through  the  disk  first,  the  copper  next,  then  the  tin, 
while  the  lead  and  bismuth  are  slower  in  their  action,  and  will  re- 
main in  the  sheet  of  wax  unless  very  thin. 


Fig.  216. 
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336.  Specific  Heat  of  Gases  is  determined  by  pass- 
ing a  current  of  gas  at  a  given  temperature  through  a  spiral 
glass  tube  placed  in  water.  By  noting  the  increase  of  tem- 
perature of  the  water,  and  knowing  also  the  weight  of  the 
gas  and  the  temperature  to  which  it  has  been  cooled,  its  spe- 
cific heat  can  be  calculated  by  a  process  similar  to  that  given 
under  the  method  of  mixtures. 

The  same  body  has  in  the  liquid  state  a  greater  specific  heat  than 
in  the  solid  or  gaseous.  Thus,  for  instance,  the  specific  heat  of  water 
is  double  that  of  ice  and  more  than  double  that  of  steam. 


Fig.  217. 

Hydrogen  is  the  only  known  substance  that  has  greater  specific 
heat  than  water. 

The  following  tables  show  the  specific  heat  of  a  few  of  the  most 
important  substances,  water  being  represented  by  unity. 

The  numbers  express  the  average  values  for  temperatures  between 
32°  and  112°  F. 

TABLE   FOR  SOLIDS. 


Substance. 

specific  Heat. 

Substance. 

Specific  Heat. 

Glass    ..... 

Iron 

Zinc 

Copper     .... 

Gold 

Ice 

.177 
.114 
096 
.095 
.032 
.604 

Silver 

Platinum  .... 

Tin 

Lead 

Antimony      .     .     . 
Sulphur    .... 

.057 
.032 
.056 
.031 
.050 
.202 
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TABLE  FOR  LIQUIDS. 


Substance. 

Specific  Heat. 

Substance. 

Specific  Heat. 

Alcohol     .... 
Benzine    .... 
Mercury  .... 

.548 
.895 
.033 

Ether  

Oil  of  Turpentine  . 
Acetic  Acid  .    .     . 

.515 
.462 
.658 

TABLE    FOR   GASES 


Substance. 

Specific  Heat. 

Specific  Heat. 

Hydrogen     .     .     . 
Nitrogen  .... 
Oxygen   .... 

8.410 
.243 
.217 

Steam 

Air  .....     . 

Chlorine  .... 

.480 
.237 
.121 

337.  Sources  of  Heat.  —  The  principal  sources  of  heat 
are :  the  sun,  electricity ,  combustion  by  chemical  combination  ^ 
pressure  and  percussion^  smd  friction, 

1.  The  Sun. — The  sun  is  the  most  abundant  source  of 
heat.  We  are  ignorant  of  the  cause  of  heat  in  the  sun's 
rajs. 

It  has  been  computed  that  the  heat  received  from  the  sun  by  the 
earth  in  a  year  is  sufficient  to  melt  a  layer  of  ice  extending  over  the 
entire  globe,  and  100  feet  in  thickness.  Yet  on  account  of  the  great 
distance  of  the  earth  from  the  sun,  and  its  comparatively  small  size, 
it  can  receive  only  the  minutest  portion  of  the  heat  which  the  sun 
radiates  in  all  directions. 

2.  Electricity.  — The  subject  of  heat  due  to  electricity  will 
be  treated  of  under  the  head  of  Electricity. 

3.  Combustion  by  Chemical  Combination, — Chemical  com- 
binations are  generally  accompanied  by  a  disengagement  of 
heat.  When  they  take  place  slowl}-,  the  heat  is  inappreciable  ; 
but  when  they  take  place  rapidlj^  there  is  often  produced  an 
intense  heat,  and  sometimes  a  development  of  light. 

Combustion  is  one  form  of  chemical  combination.  The  forms  of 
combustion  exhibited  in  our  fireplaces  and  our  lamps  is  a  combina 
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tion  of  the  carbon  and  hydrogen  of  the  wood  and  oil  with  the  oxygen 
of  the  air.  The  products  of  such  forms  of  combustion  are  watery  va- 
por, carbonic  acid,  with  gases  and  volatile  products  that  appear  under 
the  form  of  smoke.  Combustion  is  a  decomposition  of  certain  sub- 
stances, accompanied  by  a  composition  of  new  products.  In  this 
change  no  element  is  lost,  simply  a  change  of  form  takes  place. 

The  flame  produced  in  combustion  is  a  mixture  of  gaseous  and 
volatile  matters,  heated  red-hot  by  the  heat  disengaged  in  the  process 
of  combustion. 

The  process  of  respiration  is  a  species  of  slow  combustion,  in  which 
the  carbon  and  other  matter  of  the  blood  unites  with  the  oxygen  of 
the  air.  This  species  of  combustion  gives  rise  to  the  heat  of  the 
body  of  men  and  animals.     This  heat  is  called  animal  heat 

Fermentation  is  a  chemical  process  that  gives  rise  to  heat. 

4.  Pressure  and  Percussion, — Whenever  a  body  is  com- 
pressed so  as  to  reduce  its 
volume,  heat  is  developed. 
The  greater  the  compression, 
the  greater  the  amount  of 
heat  developed.  If  gas  be 
suddenly  and  violently  com- 
pressed (Fig.  218),  the  heat 
generated  is  sufficient  to  set 
fire  to  inflammable  bodies. 

Percussion  is  a  source  of 
heat.  If  a  body,  like  a 
piece  of  metal,  for  exam- 
ple, be  hammered,  it  soon 
becomes  hot.  It  is  percus- 
sion that  causes  the  heat 
when  a  flint  is  struck  against 
a  piece  of  steel.  In  this 
case  there  is  a  piece  of  the 
steel  detached  and  rendered 
red-hot  by  the  collision. 

5.  Friction, — Friction  is 
the    resistance    which    one  ^.     om 

rig.  Jlo.         ^  J 
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body  offers  to  another  when  they  are  rubbed  together.  This 
resistance  is  accompanied  with  a  great  development  of  heat. 
In  this  way  msmy  savage  tribes  procure  fire,  by  revolving  the 
end  of  one  piece  of  dry  wood  in  the  cavity  of  another. 
Pieces  of  ice,  when  rubbed  together,  generate  heat  enough  to 
melt  them.  In  machinery,  the  friction  on  axles  often  sets 
them  on  fire,  especially  when  lubrication  has  been  neglected. 

The  development  of  heat  by  friction  can  be  strikingly  shown  with 
the  apparatus  devised  by  Tyndall. 


Fig.  219. 

A  brass  tube,  about  7  inches  in  length  and  |  of  an  inch  in  diame- 
ter, is  nearly  filled  with  water  and  corked.  This  is  attached  to  a 
whirling  table,  as  represented  in  Fig.  219.  When  the  tube  is 
rotated  rapidly  and  pressed  with  a  wooden  clamp,  the  friction  pro- 
duced heats  the  water  in  a  few  minutes  to  the  boiling-point,  and  the 
cork  is  driven  out  by  the  steam. 

338.  Sources  of  Cold. —The  principal  sources  of  cold 
are  :  fusion,  vaporization,  expansion  of  gases,  and  radiation  of 
heat, 

1.  Fusion,  -—When  a  body  melts,  it  absorbs  heat  from  the 
suiTOunding  bodies,  which  becomes  latent  in  the  melted 
bodv. 
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2.  Vaporization,  —  When  a  liquid  passes  to  a  state  of 
vapor,  it  absorbs  heat,  which  becomes  latent  in  the  vapor. 
Both  of  these  causes  of  cold  have  been  considered  already. 

3.  Expansion  of  Gases,  —  When  a  gas  is  compressed,  it 
gives  out  heat ;  and,  conversely,  when  it  expands,  it  absorbs 
heat.  This  heat  acts  to  keep  the  particles  asunder,  and  the 
farther  apart  the  particles  are  kept,  the  greater  the  amount 
of  heat  required. 

Heat  is  the  repulsive  force  that  keeps  a  body  in  a  gaseous  state  at 
all,  or  even  in  a  Uquid  state. 

If  air  be  compressed  in  a  condenser  and  then  allowed  to  escape 
into  the  atmosphere,  a  slight  cloud  will  be  fonned ;  this  is  due  to  the 
cold  generated  by  the  expanding  air,  which  condenses  the  vapor  in 
the  air.  This  experiment  illustrates  the  manner  in  which  clouds  are 
formed  in  the  upper  regions  of  the  atmosphere. 

4.  Madiatioiu  —  Radiation  produces  cold  in  the  radiating 
body,  because  radiation  is  simply  giving  off  heat. 

Summary.  — 

Condensation  of  a  Vapor. 

Definition. 
Causes  of  Condensation, 

1.  Chemical  Action. 

2.  Pressure. 

3.  Diminution  of  Temperature. 
Heat  developed  by  Condensation, 
Heating  by  Steam, 

Distillation, 

Definition  and  Illustration. 
An  Alembic f  or  SHIL 

Description. 

Mode  of  Operation. 
Liquefaction  of  Gases, 

Method  of  liquefying  Carbonic  Acid  Gas. 

Method  of  producing  Intense  Artificial  Cold. 
Specific  Heat  of  Solids  and  Liquids. 

Explanations  and  Illustrations. 

Unit  of  Heat. 
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Definition  of  Specific  Heat. 

Illustration. 
Methods  of  ascertaining  the  Specific  Heat  of  Bodiec. 

1.  Method  of  Mixture. 

Illustratiou  and  Experiment. 

2.  Method  by  Melting  Ice. 

Illustration. 
Method  of  sJwmng  BeJative  Specific  Heat 

Experiment. 
Specific  Heat  of  Gases, 

Experiment. 
Tables  shouoing  Belatioe  Specific  Heat 
Of  Solids. 
Of  Liquids. 
Of  Gases. 
Sources  of  Heat. 

1.  The  Sun. 

2.  Electricity. 

3.  Combustion  by  Chemical  Combination. 

4.  Pressure  and  Percussion. 

5.  Friction. 

Experiment  illustrating  Heat  by  Friction. 
Sources  of  Cold, 

1.  Fusion. 

2.  Vaporization. 

3.  Expansion  of  Gases. 

4.  Radiation. 


SECTION  VIII.  —  THERM0-DYNAMIC8. 

339.  Definition  of  Thermo-dynamics.  —  The  science 
which  treats  of  the  connection  between  heat  and  the  mechani- 
cal work  it  can  perform,  and  detennines,  bj'  means  of  num- 
bers, the  relation  between  the  quantity  of  heat  supplied  and 
the  quantity  of  work  done,  is  called  T/iermo'dynamics, 

340.  Conservation  of  Energy.  —  Energy-,  as  previous^ 
defined,  is  the  power  of  doing  work,  and  consists  of  two 
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t}'pes,  kinetic  and  potential.  There  can  be  no  destruction  or 
creation  of  energy,  in  any  of  its  varied  forms,  by  any  means 
at  our  command. 

As  the  quantity  of  matter  in  tlie  universe  is  invariable,  so  is  the 
quantity  of  energy.  Neither  can  be  annihilated.  Heat,  we  have 
seen,  is  a  fonn  of  energy.  If  put  out  of  existence  as  heat,  it  re- 
appeairs  in  some  other  fonn  of  energy;  but  the  energy  itself,  the 
power  of  doing  some  kind  of  work,  of  overcoming  some  kind  of 
resistance,  remains  undiminished. 


Fig.  220. 
The  principle  of  the  conservation  of  energy  when  applied 
to  heat  is  commonly  called  the  First  Law  of  Thermo-dynam- 
ics,  which  mfiy  be  stated  as  follows  :  Wlien  heat  is  transformed 
into  work,  or  work  into  hent^  the  quantity  of  heat  is  equivalent 
to  the  quantity  of  work. 

341.  Mechanical  Equivalent  of  Heat.  —  The  law 
given  in  the  last  article  was  established  in  a  large  measure 
by  the  following  experiment  of  Joule. 

The  apparatus  used  by  him  consisted  of  a  brass  paddle-wheel 
(Fig.  220),  furnished  with  eight  sets  of  revolving  ai*ms  working 
between  four  sets  of  stationary  vanes.  The  vanes,  V  V,  are  seen  in 
the  enlarged  section  at  the  left ;  also  the  paddles,  P  P* . 
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These  parts  of  the  apparatus  are  enclosed  in  a  cylindrical  copper 
or  hrass  vessel,  B,  which  is  filled  with  water.  The  vanes  prevent 
the  water  from  being  carried  round  bodily  in  the  direction  of  rotation. 
The  descent  of  the  weight,  TT,  causes  the  paddles  to  tura  by  means 
of  the  cord,  r. 

The  friction  of  the  paddles  against  the  water  raises  its  tempera- 
ture, which  is  measured  by  the  thermometer,  t.  It  was  found  by 
Joule  with  this  machine  that  the  quantity  of  heat  which  would  raise 
one  pound  of  water  1°  F.  is  exactly  what  would  be  produced  if  a 
pound  weight,  after  having  fallen  through  a  height  of  772  feet,  has 
its  motion  arrested  by  collision  with  the  earth.  The  same  effect 
would  be  produced  by  772  pounds  falling  one  foot. 

Conversely,  the  amount  of  heat  necessary  to  raise  a  pound  of  wa- 
ter 1°  would,  if  it  could  be  all  utilized,  be  capable  of  raising  a  pound 
weight  772  feet  high,  or  772  pounds  one  foot  high.  . 

Now,  the  force  necessary  to  raise  one  pound  one  foot  is  called  a 
foot-pound.  Then  772  foot-pounds  are  equivalent  to  one  unit  of 
heat.  Physicists  now  call  772  foot-pounds  the  mecJuinical  equivalent 
of  heat. 

By  repeating  the  experiment  with  other  liquids,  and  by  using  a 
smaller  apparatus  with  an  iron  paddle-wheel  revolving  in  mercury, 
Joule  obtained  results  similar  to  those  where  water  was  used. 

342.  Transformation  of  Energy.  —  The  great  charac- 
teristic of  energy  is  its  capability  of  being,  as  a  general  rule, 
readily  transformed,  and  3'et,  in  all  its  transformations,  the 
quantity  present  remaining  precisel}^  the  same. 

We  can  explain  this  principle  best  by  examples.  The  motion  of 
the  hammer  when  brought  down  upon  a  piece  of  metal  is  changed 
into  heat ;  and  could  we  gather  up  the  heat  produced  by  the  shoi'k 
of  the  hammer,  and  apply  it  without  loss,  it  would  lift  it  to  the 
height  from  which  it  fell. 

Pouring  mercury  from  one  cup  to  another  raises  its  temperature. 
The  water  at  the  base  of  a  cataract  has  a  higher  temperature  than 
that  at  the  top.  The  heat  in  these  two  instances  is  generated  by  the 
arrested  motion  of  the  mercury  and  water,  and  the  friction  of  their 
molecules  against  the  air.  When  a  train  of  cars  is  stopped  the 
motion  is  changed  into  heat.  A  bullet  going  through  the  air  is 
warmed  by  friction.  If  the  earth's  motion  should  be  suddenly  ar« 
rested,  immense  heat  would  be  developed. 
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We  have  an  example  of  the  conversion  of  heat  into  me- 
chanical energy  in  the  case  of  the  steam-engine.  The  heat 
changes  the  water  into  steam,  and  this,  b}'  means  of  the  ex- 
pansive force  it  also  receives  from  the  heat  moves  a  piston. 

We  have  here  a  change  of  invisible  molecular  motion  to 
visible  motion  of  the  mass. 

The  heat  produced  in  the  body  by  the  various  changes  the  food 
undergoes,  iii  digestion  and  assimilation,  is  expended  in  muscular 
activities. 

The  heat  energy  of  the  sunbeam  is  stored  up  in  coal  in  the  fonn 
of  potential  energy. 

We  might  multiply  examples  indefinitely  if  there  were  space  for 
further  illustration  of  the  principle. 

343.  Dissipation  of  Energy.  —  We  find  it  a  compara- 
tively easy  matter  to  convert  mechanical  energy  into  heat, 
but  we  cannot  get  all  the  heat  back  again  into  work.  During 
the'  process  of  converting  heat  into  mechanical  eflfect,  there  is 
always  a  transfer  of  a  large  quantity  from  a  body  of  a  higher 
to  one  of  a  lower  temperature,  without  anj'  work  being 
done. 

Take,  for  instance,  the  steam-engine.  Some  of  the  heat,  it  is 
true,  is  doing  useful  work  in  conferring  expansive  power  upon  the 
steam ;  but  a  large  portion  of  it  is  lost,  so  far  as  conversion  into  me- 
chanical energy  is  concerned,  in  heating  the  machinery  and  by  radia- 
tion into  the  air. 

It  is  claimed  that  mechanical  energy  is  changing  more  and  more 
into  heat,  and  that  all  bodies  will,  by  conduction  and  radiation  of 
this  heat,  eventually  acquire  the  same  temperature. 

And  since  we  cannot  get  any  work  out  of  heat  unless  we  have 
bodies  of  diflferent  temperatures — for  heat  passes  from  hotter  to  colder 
substanc<^,  — therefore,  when  the  whole  universe  has  reached  the  same 
temperature,  all  forms  of  life  and  motion  will  cease,  and  the  earth 
will  be  no  longer  habitable  by  man.  All  the  energy  that  exists  will 
be  in  the  form  of  diflfused  heat.  This  principle,  called  Dissipation, 
or  Difl'usion,  of  Energy,  was  first  pointed  out  by  Sir  William 
Thomson. 
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344.  The  Steam-Engine.  —  A  Steam-Engine  is  a  com- 
bination of  pieces  for  utilizing  the  expansive  force  of  steam 
and  converting  it  into  a  motive  power. 

It  consists  essentially  of  two  parts :  first,  the  boiler,  in 
which  the  steam  is  generated ;  secondly,  the  cjiinder,  where 
the  expansive  force  of  the  steam  is  applied. 

345.  The  Power  of  Steam. — Let  ^  J?  (Fig.  221)  repre- 
seDt  a  glass  tube  of  uniform  bore,  and  C,  a  piston,  fitting  it  steam- 
tight,  and  suppose  a  little  water  to  be  in  the  tube 
below  the  piston.     If  heat  be  applied  to  the  bottom 

I      1^^^      of  the  tube  by  means  of  a  spirit-lamp,  the  water 
I  will  be  converted  into  steam,  and  the  piston  will 

B^-^ ::;::»  be  driven  to  the  top  of  the  tube.  If  the  lamp  be 
removed,  and  the  tube  allowed  to  cool,  the  steam 
will  be  condensed,  and  the  pressure  of  the  atmos- 
phere will  drive  the  piston  back  to  its  original  posi- 
tion. By  again  applying  heat,  and  withdrawing  it, 
the  operation  may  be  repeated,  and  so  on  indefinitely. 
This  simple  experiment  involves  the  fundamental 
idea  of  the  steam-engine. 

Under  the  ordinary  pressure  of  the  atmosphere,  a 
cubic  inch  of  water  gives  1,700  cubic  inches,  or  nearly  a  cubic  foot, 
of  steam.  In  this  case  the  expansive  force  of  the  steam  is  in  equilib- 
rium with  the  pressure  of  the  atmosphere,  and  it  is  said  to  have  a 
tension  of  15  pounds  to  the  square  inch.  If  a  cubic  inch  of  water  be 
converted  into  steam,  under  a  pressure  of  two  atmospheres,  it  will 
yield  but  850  cubic  inches  of  steam,  but  the  tension  will  now  be  30 
pounds  to  the  inch. 

In  general,  the  volume  of  steam  yielded  by  a  given  volume  of  wa- 
ter varies  inversely  as  the  pressure  under  which  it  is  generated,  and 
in  all  cases  the  tension  of  the  steam  is  equal  to  this  pressure.  In 
round  numbers,  we  may  say  that  the  conversion  of  a  cubic  inch  of 
water  into  steam  produces  a  quantity  of  work  sufl&cient  to  raise  a 
weight  of  one  ton  through  a  height  of  one  foot. 

346.  Varieties  of  Steam-Engine.  —  Steam-engines  may 
be  either  condensing  or  non -condensing.  In  the  former,  the 
steam,  after  having  acted  upon  the  piston,  is  condensed,  and 
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tiie  warm  water  returned  to  the  boiler ;  in  the  latter,  the  steam 
is  not  condensed,  but,  after  having  acted  upon  the  piston,  is 
blown  off  into  the  air.  In  condensing  engines  steam  may 
be,  and  often  is,  used  of  a  lower  tension  than  15  pounds  to 
the  inch,  in  which  case  the  engines  are  called  low-pressure  en- 
gines. In  non-condensing  engines  steam  is  alwaj^s  used  of  a 
tension  greater  than  15  pounds  to  the  inch,  and  the  engines 
are  then  called  high-pressure  engines. 

Condensing  engines  are  more  economical  of  fuel,  but  are  heavier 
and  more  complex  in  their  construction.  Hence  they  are  generally 
used  as  stationary  engines.  Non-condensing  engines  are  used  for 
locomotives,  and  where  fuel  is  cheap  are  often  employed  as  stationary 
engines. 

The  efficiency  of  a  steam-engine  is  measured  in  terms  of  a  unit 
called  a  horse-power ,  that  is,  a  force  which  is  capable  of  raising  a 
weight  of  33,000  pounds  through  a  height  of  one  foot  in  one  minute. 
Thus,  an  engine  that  can  perform  a  work  equivalent  to  raising  33,000 
pounds  through  10  feet  in  one  minute  is  said  to  be  an  engine  of  10 
horse-power. 

347.  Boilers  and  their  Appendages.  —  The  Boiler  is 
a  shell  of  metal,  generally  of  wrought  iron,  but  sometimes  of 
copper,  in  which  steam  is  generated. 

Boilers  are  made  of  various  shapes.  One  of  the  simplest  has  the 
form  of  a  cyUnder  wdth  rounded  ends.  Sometimes  two  smaller  cyl- 
inders, also  with  rounded  ends,  called  heaters j  are  placed  below  the 
main  shell,  and  connected  with  it  by  suitable  pipes.  The  object  of 
this  arrangement  is  to  increase  the  heating  surface.  In  the  Cornish 
boiler  the  cylindrical  shell  has  a  large  flue  passing  through  it,  con- 
taining an  internal  furnace.  Sometimes  two  such  flues  exist.  The 
tubular  boiler  has  a  great  number  of  tubes,  or  flues,  passing  through 
it,  for  transmitting  the  flame  and  heated  gases  from  the  furnace. 

The  boiler  and  its  appendages  are  variously  arranged  in  different 
engines,  the  object  in  all  cases  being  to  obtain  the  greatest  amount  of 
steam  with  a  given  quantity  of  fuel.  In  stationary  engines  the  furnace 
is  usually  made  of  brick  or  some  other  bad  conductor  of  heat,  and  the 
flues  are  so  arranged  as  to  bring  the  flame  and  heated  gases  in  contact 
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with  as  large  a  portion  of  the  1)oiler  as  possible.  In  locomotive  en- 
gines the  fire-box  is  made  of  boiler-iron,  and  is  so  constructed  that  it 
is  nearly  surrounded  by  the  water  in  the  boiler. 

Fig.  222  represents  a  side  view,  and  Fig.  223  a  cross- 
section  of  a  cylindrical  boiler  with  the  heaters  attached,  such 
as  are  used  for  stationary  engines. 

These  heaters,  indicated  in  the  figure  by  B  6,  are  filled  wnth 
water,  and  connected  with  the  boiler  by  the  tubes,  P  PF,  while  the 
boiler  is  only  about  half  full. 

The  flame  of  the  funiace,  c,  plays  directly  against  the  heaters; 
the  heated  gases  and  smoke  arc  returned  under  the  main  cylinder 
in  the  flue,  0  (Fig.  223),  and  finally  discharged  into  the  chimney 


Fig.  222. 


Fig.  223. 


through  the  side  flues,  xx.  The  heat  is  thus  utiUzed  to  a  greater 
extent. 

The  principal  appendages  of  the  boiler  are  the  following,  as  rep- 
resented in  Fig.  222. 

Furnace,  or  fireplace,  c. 

The  alarm -whistle,  s,  so  arranged  as  to  be  opened  by  the  float,  /, 
when  the  level  of  the  water  falls  too  low. 

Another  kind  of  indicator  of  the  level  of  the  water  in  the  boiler  is 
represented  at  /'.  It  consists  of  a  float  connected  with  a  counter- 
poise by  a  wire  passing  over  a  pulley,  and  through  a  packing-box  in 
the  top  of  the  boiler.  The  position  of  the  counterpoise  tells  the 
height  of  the  water. 

Still  another  indicator,  which  is  sometimes  used,  is  seen  at  n.     It 
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consists  of  a  thick  glass  tube,  bent  twice  at  right  angles,  the  lower 
end  being  under  the  water  and  the  upper  end  above.  The  water  will 
stand  at  the  same  level  in  the  tube  as  in  the  boiler. 

P  represents  the  safety-valve  (see  Art.  319). 

V,  the  pipe  that  conducts  the  steam  to  the  steam-chest. 

a,  the  pipe  for  the  admission  of  feed- water  to  the  boiler ;  it  reaches 
nearly  to  the  bottom. 

h,  the  man-hole,  an  aperture  by  which  the  boiler  can  be  repaired 
and  cleansed. 

B,  the  damper  to  regulate  the  draught. 

C,  the  flue  leading  to  the  chimney.  The  chimney  is  usually  oi 
great  height,  so  as  to  secure  a  good  draught. 

348.  The  Manometer.  —  The  Manometer,  or  pressure- 
gauge,  for  measuring  the  tension  of  steam  in  the  boiler,  is 
not  shown  in  the  figure. 

These  are  not  all  based  upon  the 
same  principle.  Some  are  simpl}'^ 
siphon  barometers  whose  long  branch 
is  open,  the  short  branch  connecting 
directly  with  the  boiler.  The  steam 
from  the  boiler  forces  the  mercury 
up  the  long  branch,  and  the  higher 
the  column  the  greater  the  pressure 
of  steam. 

This  manometer,  which  is  called 
the  open  manometer^  answers  well 
enough  for  low  pressures ;  but  for 
high  ones  the  length  of  tube  neces- 
sary renders  it  very  inconvenient. 

The  closed  manometer  is  shown 

in  Fig.  224,  and  differs  from  the  one 

just  described  in  having  its  vertical 

tube  closed  at  the  top.     It  is  gradu-       ;  '  i  ill, 

ated  on  the  principle  enunciated  in  J   ^s!^ll'lhlli"f^ 

Mariotte*s  law.  _.      '  , 

Fig.  224. 

When  the  pressure  in  the  boiler  is  one  atmosphere,  the  mercury 


Digitized 


by  Google 


288 


HEAT, 


in  the  cistern  and  tube  are  at  the  same  level,  the  tension  of  the 
steam  and  the  elastic  fore«  of  the  air  just  balancing  each  other. 
When  the  pressure  becomes  two,  three,  four,  etc.,  atmospheres,  the 
air  in  the  closed  tube  will  ocxjupy  one  half,  one  third,  one  fourth, 
etc.,  the  space  it  did  before,  allowance  being  made  for  the  weight  of 
the  mercury  which  is  forced  up  into  the  tube.  The  instrument 
having  been  graduated,  its  use  is  evident.  When  it  is  desired  to 
ascertain  the  tension  of  the  steam  in  the  boiler,  the  cock  is  turned, 
and  the  height  to  which  the  mercury  ascends  in  the  tube  indicates 
the  tension  in  atmospheres.  Any  number  of  subdivisions  may  be 
made  in  either  of  the  two  manometers  described. 

The  liability  of  glass  tubes  to  break,  and  to  lose  their  trans- 
parency by  the  mercury  clinging  to  their  sides,  renders  them  some- 
what objectionable.  They  are  not  adapted,  either,  to  machines  in 
motion. 

The  cheapness  of  metallic  manometers  has  caused  them  to 
be  used  for  a  gi-eat  number  of  boilers.     We  shall  mention 

only  the  one  constructed  by 
Bourdon.  The  principle  is 
this :  If  we  allow  the  steam 
from  the  boiler  to  enter  a 
flexible  and  elastic  tube,  that 
has  been  flattened  a  little 
and  then  coiled,  the  pressure 
will  tend  to  uncoil  it.  Shut 
off  the  steam,  and  the  tube, 
by  virtue  of  its  elasticit}',  re- 
sumes its  original  position. 

Fig.  225  represents  such  a 
manometer.      One   end  of  the 
Fig.  225.  ^"^^  ^^  connected  with  a  pipe 

leading  to  the  boiler;  to  the 
other  end  is  attached  a  steel  needle,  which  traverses  a  scale.  As  the 
pressure  of  steam  on  the  interior  surface  increases,  it  gradually  un- 
coils, and  the  hand  points  to  the  number  of  atmospheres  of  pressure. 
When  the  pressure  is  removed  the  needle  returns  to  its  former 
position. 
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349.  Mechanism  of  the  Condensing  Engine.  — 
The  essential  parts  of  a  condensing  engine  are  shown  in 
Fig.  226.     The  figure  is  only  intended  to  illustrate  the  prin- 


Fig.  226. 

eiples  of  the  engine,  and,  for  the  purpose  of  illustration,  the 
parts  are  arranged  in  such  a  manner  as  will  best  exhibit  them 
at  a  single  view. 

The   principal   parts   of   the   condensing  engine   are   the 
following :  — 

The  cylinder^  shown  on  the  left,  with  a  portion  broken  away. 
The  pistoHy  P,  which  receives  the  action  of  the  steam,  alternately 
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on  its  upper  and  lower  faces,  and  is  thereby  moved  up  and  down  in 
the  cylinder. 

The  steam-chesty  b,  into  which  the  steam  from  the  boiler  enters 
through  the  steam-pipe  at  o,  and  from  which  it  passes  through  the 
steam-passages y  alternately  to  the  upper  and  lower  ends  of  the 
cylinder. 

The  sUding-valve,  moved  up  and  down  by  the  rod,  w,  which 
alternately  opens  a  communication  between  the  steam-chest  and 
the  two  steam-passages  leading  to  the  top  and  bottom  of  the 
cylinder. 

The  edttctton-pipey  U,  connecting  with  the  cylinder  at  a,  by  which 
the  steam,  after  having  acted  upon  the  piston,  is  conducted  into  the 
condensevy  O, 

The  piston-rody  Ay  working  through  a  paching-hoXy  c?,  which 
transmits  the  motion  of  the  piston  to  the  working-beam,  X. 

The  parallel  bars,  D  D,  and  the  radial  barSy  CEy  which  keep  the 
piston-rod  from  pressing  against  the  side  of  the  packing-box.  This 
arrangement  is  called  Watfs  parallel  motion. 

The  connecting-rody  /,  which  transmits  the  motion  of  the  working- 
beam  to  the  crank-army  jfiC,  and  through  it  imparts  a  motiou  of 
rotation  to  the  shaft  of  the  engine. 

The  fly-wheely  F,  which  obviates  to  a  certain  extent  the  irregu- 
larities of  motion  in  the  engine. 

When  the  crank  is  at  its  highest  or  lowest  position  the  steam  has 
no  power  to  move  it.  In  either  of  these  positions,  called  the  dead 
pointSy  the  machine  would  come  to  rest  if  it  were  not  for  the  fly- 
wheel, which,  by  its  inertia,  carries  the  piston  and  crank  over  these 
points,  and  brings  them  again  under  the  power  of  the  steam.  The 
steamboat  and  locomotive  need  no  fiy-wheel,  inasmuch  as  the  iner- 
tia of  the  moving  mass  suffices. 

The  eccentric,  e,  which,  acting  like  a  crank,  produces  a  backward 
and  forward  motion  in  the  connecting-rod,  Z.  This  rod,  acting  on 
the  bent  lever,  F,  causes  the  rod,  m,  of  the  sliding- valve,  to  move  up 
and  down. 

The  cold-water  pump,  B,  worked  by  the  rod,  JJ,  which  draws  cold 
water  from  a  reservoir,  and  forces  it  through  the  pipe,  T,  into  the 
condenser.  This  pipe,  tenninating  within  the  condenser  in  a  rose, 
delivers  the  water  in  the  form  of  a  shower,  and  condenses  the 
steam. 
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The  air-pumpj  M,  worked  by  the  rod,  F,  which  draws  the  hot 
'•i^ter  and  the  ah*  that  is  mixed  with  it  from  the  condenser,  and  forces 
it  into  the  hot  well,  N. 

The  feed-pump  J  Q,  worked  hy  the  rod,  Gy  which  draws  the  water 
from  the  hot  well  and  forces  it  into  the  boiler. 

To  explain  the  action  of  the  engine,  let  the  position  of  the  parts 
be  as  represented  in  the  figure.  Tlie  steam  entering  the  steam-chest 
finds  the  upper  passage  open,  and,  flowing  through  it,  acts  upon  the 
upper  face  of  the  piston  and  drives  it  to  the  bottom  of  the  cylinder. 
The  steam  below  the  piston  meanwhile  flows  through  the  lower  pas- 
sage, and,  entering  the  eduction-pipe  at  a,  is  conveyed  to  the  con- 
denser, where  it  is  condensed.  When  the  piston  reaches  the  bottom 
of  the  cylinder,  the  eccentric  acts  upon  the  bent  lever  to  open  the 
lower  and  close  the  upper  passage.  The  steam  from  the  steam-chest 
now  flows  through  the  lower  passage,  and,  acting  upon  the  lower 
face  of  the  piston,  forces  it  to  the  top  of  the  cylinder.  Meantime  the 
steam  above  the  piston,  flowing  down  the  upper  passage,  enters  the 
eduction-pipe,  and  is  conveyed  to  the  condenser.  When  the  piston 
reaches  the  top  of  the  cylinder,  the  eccentric  again  acts  to  change  the 
position  of  the  sliding- valve,  and  thus  the  motion  of  the  piston  is 
continued  indefinitely. 

350.  The  Governor. — In  many  engines  the  supply  of 
steam  to  the  cylinder  is  regulated  by  an  apparatus  called  the 
governor.   One  form  of  this  contrivance  is  shown  in  Fig.  227. 

A  B  IS  Si  vertical  axis,  connected  with  the  machine  near  its  work- 
ing point,  and  revolving  with  a  velocity  proportional  to  that  of  the 
working  point;  FE  and  GD  are  arms 
turning  with  the  axis,  and  bearing  heavy 
balls,  D  and  E,  at  their  extremities;  the 
arms  are  attached  by  hinge-joints  at  G  and 
F  to  two  bars,  C  G  and  CFj  and  these  bars 
are  connected  by  hinge-joints  with  the  axis 
at  C.  The  arms,  FE  and  GDj  are  also  con- 
nected by  hinge-joint<«  with  a  ring,  Hj  which 
is  free  to  slide  up  and  down  the  axis,  A  B. 

When  the  axis  revolves,  the  centrifugal 
force  developed  in  the  balls  causes  them  to  ^'S-  227. 

recede  from  A  B,  and  depresses  the  ring,  H.     This  causes  the  lever, 
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BK,  to  turn  about  its  fulcrum,  K,  and  when  the  velocity  has  become 
sufficiently  gieat,  the  lever  operates  to  close  a  valve  and  shut  off  the 
motive  power.  When  the  velocity  again  diminishes,  the  balls  ap- 
proach the  axis,  the  ring,  H^  rises,  and  the  valve  is  opened.  The 
governor  may  be  adjusted  so  as  to  secure  any  desirable  velocity  at 
the  working  point. 

351.  Action  of  the  Eccentric. — The  automatic  move- 
ment of  the  sliding- valve  bj'  means  of  the  eccentric  needs  a 
more  detailed  explanation  than  is  given  in  the  preceding 
article. 

The  eccentric  (Fig.  228)  consists  of  a  circular  piece  of  metal,  c,  so 
attached  to  the  shaft  of  the  engine  that  its  centre  does  not  coincide 
with  the  axis  of  rotation. 

The  eccentric  is  surrounded  with  a  ring  of  metal  which  does  not 
rotate,  but  follows  the  motion  of  the  eccentric,  thereby  receiving  a 


Fig.  228. 

motion  back  and  forth  in  a  horizontal  direction.  This  movement  is 
transmitted  by  the  arm,  T,  to  the  bent  lever,  abCy  causing  it  to  turn 
about  the  point,  6.  This  rotation  of  the  lever  raises  and  lowers 
alternately  the  rod,  dj  which  is  connected  with  the  sliding- valve ; 
thus  an  upward  and  downward  motion  is  also  imparted  to  this 
valve. 

352.  The  Locomotive.  —  Fig.  229  represents  a  section  of 
a  locomotive,  the  principal  parts  of  which  are  the  following :  — 

The  boiler  J  BB,  with  its  fltiesjpp,  and  safety-valve,  M.  The 
dotted  line  represents  the  height  of  the  water  in  the  boiler. 

Thefire-hoXj  A,  communicating  with  the  smoke-box ,  C,  by  means 
of  the  fluesj  pp.  The  iire-box  has  a  double  wall,  the  interval  being 
filled  with  water  and  communicating  with  the  boiler.  E  is  the  grat€y 
and  D  the  door  for  the  supply  of  fiiel. 

The  steam-pipej  SSj  conveys  the  steam  from  the  steam-dome  to 
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the  steam-chest  It  may  be  closed  by  a  valve,  F,  worked  by  a 
lever,  L. 

The  steam-dome  is  an  elevated  portion  of  the  boiler,  the  object  of 
which  is  to  permit  the  steam  to  enter  the  steam-pipe  without  any 
admixture  of  water,  as  might  be  the  case  were  the  steam  taken  from 
a  lower  level. 

The  cylinder,  the  piston,  P,  and  the  piston-rod,  R,  are  similar  to 
the  corresponding  parts  of  the  condensing  engine. 

The  blast-pipe,  U,  through  which  the  steam  is  blo\^Ti  off  after 
having  acted  upon  the  piston,  terminates  in  the  smoke-box,  and  the 
blast  of  steam  from  it  serves  to  increase  the  draft  of  air  through  the 
flues,  and  thus  promotes  the  combustion  of  fuel. 

The  connecting-rod,  G,  transmits  the  motion  of  the  piston  to 
the  crank-arm,  by  means  of  which  a  rotary  motion  is  imparted  to 
the  driving-wheels  of  the  locomotive. 

The  manner  in  which  steam  acts  to  impart-  motion  to  the  piston  is 
the  same  as  in  the  engine  akeady  described. 

Summary.  — 

Thermo- dynamics . 
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Conservation  of  Energy. 

Explanation. 
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Boilers  and  their  Appendages. 
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Closed  Manometer. 
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Mechanism  of  the  Condensing  Engine. 
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The  Governor. 

Illustrated  by  Figure. 
The  Locomotive. 

Illustration  of  the  Principal  Parts  by  Figure. 


SECTION    IX.  —  HYGROMETRY. RAIN.  —  DEW.  —  WINDS.  — 

SIGNAL   SERVICE. 

353.  Hygrometry.  —  Hygrometry  is  the  process  of 
measuring  the  amount  of  moisture  in  the  air  with  respect  to 
the  amount  necessary  to  saturate  it. 

When  a  given  space  has  taken  all  of  the  vapor  that  it  can 
contain,  it  is  said  to  be  saturated.  For  example,  if  water  be 
poured  into  a  bottle  filled  with  dry  air,  and  the  bottle  be  her- 
metically sealed,  a  slow  evaporation  will  go  on  until  the  ten- 
sion of  the  vapor  given  off  is  equal  to  the  tendency  of  the 
remaining  water  to  pass  into  vapor,  when  it  will  cease.  In 
this  case  the  space  within  the  bottle  is  saturated. 

If  the  temperature  varies,  the  amount  of  vapor  required  to  saturate 
rt  given  space  wUl  vary  also.  The  higher  the  temperature,  the 
greater  will  be  the  quantity  of  vapor  required  to  saturate  the  given 
space;  and  the  lower  the  temperature,  the  less  the  quantity  required 
for  saturation. 

The  quantity  of  watery  vapor  in  the  atmosphere  varies  with  the 
seasons,  temperature,  climate,  and  different  local  causes;  but  not- 
withstanding the  continued  evaporation  that  is  taking  place  from 
lakes,  rivers,  and  oceans,  the  air  in  the  lower  regions  of  the  atmos- 

Digitized  by  VjOOQ  IC 


296  HEAT, 

pliere  is  never  saturated.  The  reason  is,  that  the  vapor,  being  less 
dense  than  the  air  at  the  surface,  rises  into  the  higher  regions,  where 
it  is  condensed  by  the  greater  cold  existing  there,  and  falls  to  the 
earth  in  the  form  of  rain. 

The  object  of  hygrometry  is  not  to  detennine  the  absolute  amount 
of  moisture  in  the  atmosphere,  but  simply  to  find  out  its  degree  of 
saturation,  or,  in  other  words,  its  humidity.  When  the  air  is  com- 
pletely saturated,  its  humidity  is  said  to  be  100 ;  when  half  saturated, 
50;  and  so  on.  The  absolute  amount  of  moisture  remaining  the 
same,  the  atmosphere  might  at  one  temperature  be  saturated,  whilst 
at  some  other  temperature  it  would  be  far  from  saturation. 

In  winter  the  air  is  generally  damper  than  in  summer,  though  in 
the  latter  season  it  generally  contains  a  greater  absolute  amount  of 
vapor  than  in  the  former.  This  is  due  to  difference  of  temperature. 
For  the  same  reason  the  air  is  damper  at  night  than  in  the  daytime 
and  a  cold  room  is  damper  than  a  warm  one. 

354.  The  Hygroscope.  —  A  Hygroscope  is  an  instru- 
ment for  showing  the  amount  of  moisture  in  the  air. 

Any  substance  capable  of  absorbing  moisture  may  be  em- 
ployed as  a  h3'groscope.  A  great  number  of  animal  and 
vegetable  substances,  such  as  paper,  parchment,  hair,  catgut, 
are  elongated  by  absorbing  moisture,  and  are  shortened  when 
dried,  and  are  therefore  adapted  to  the  construction  of  a 
hygi'oscope. 

Instruments  of  this  kind  are  very  uncertain  in  their  action,  and 
are  therefore  used  as  matters  of  curiosity  rather  than  for  any  scientific 
value  they  may  possess. 

355.  The  Hygrometer.  —  A  Hygrometer  is  an  instru- 
ment for  measuring  the  amount  of  moisture  in  the  air. 

Several  kinds  have  been  invented,  the  most  important  of 
which  are,  1.  hj'grometers  of  absorption ;  2.  dew-point  hy- 
grometers ;  3.  wet  and  dr}'  bulb  hygrometers. 

The  hygrometers  of  tlie  first  class  are  really  hygroscopes. 
The  hair  hygrometer  is  the  most  trustworthy  of  this  class.  It 
is  based  on  the  property  which  organic  substances  have  of 
elongating  when  moist,  and  contracting  when  dry. 
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The  hair  is  connected  with  a  needle,  and  by  its  expansions  and 
contractions  causes  it  to  move  over  an  arc,  thus  indicating  that  the 
air  is  more  or  less  moist.  To  this  class  belong  those  chimney  orna- 
ments that  indicate  moisture  in  the  air.  They  are  founded  on  the 
property  which  twisted  strings  or  pieces  of  catgut  possess  of  untwist- 
ing when  moist  and  twisting  when  dry. 


356.  Danieirs  Dew-Point  Hygrometer. — The  tem- 
perature at  which  vapor  is  deposited  in  the  form  of  dew  is 
called  the  dew-point.  Daniell's  hj'grometer  enables  us  to  de- 
termine the  amount  of  vapor  in  the  atmosphere  by  indicating 
the  dew-point. 

It  consists  (Fig.  230)  of  two  bulbs  connected  by  a  siphon- 
tube,  from  which  the  air  has  been  expelled  by  hermetically 
sealing  the  bulb,  B^  when  the 
instrument  is  filled  with  ether 
vaix)r.  The  bulb.  A,  is  about 
half  filled  with  ether,  and  con- 
tains the  bulb  of  a  small  ther- 
mometer. A  is  made  of  black 
glass,  so  that  the  deposition 
of  dew  may  be  more  readily 
perceived. 

The  bulb,  B,  is  covered  with 
muslin,  and  ether  is  dropped  upon 
it.  This  evaporates  from  the 
muslin,  cools  the  bulb,  B,  con- 
denses the  vapor  of  ether  in  it, 
and  causes  rapid  evaporation  from 
the  surface  of  the  liquid  in  the 
bulb,  A.  This  is  cooled  until  the  =  .^^  ~~^  :  ^'W^^3^^Q^ 
air  in  contact  with  it  sinks  below  '"^--  --^~-~^^s^_  ^^^f^^^ 

the  dew-point  and  moisture  col-  ^^^S-  230. 

lects  on  the  bulb.  At  the  moment  of  deposition  the  height  of  the 
mercury  in  A  is  noted.  The  addition  of  ether  to  the  bulb,  Bj  is 
then  discontinued,  the  temperature  of  A  rises,  and  the  dew  disap- 
pears.    When  this  takes  place,  read  the  thermometer  in  A  again. 
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The  two  observations  should  not  differ  much  from  each  other,  and 
their  mean  is  the  dew-point.  The  thermometer  in  the  centre  of  the 
stand  gives  the  temperature  of  the  air. 

The  nearer  the  dew-point  is  to  the  temperature  of  the  air,  the 
nearer  the  air  is  to  being  saturated  with  vapor. 


357.  The  Wet  and  Dry  Bulb  Hygrometer.  —  This 
instrument  consists  of  two  similar  thermometers,  placed  on  a 
stand  a  short  distance  from  each 
other,  as  shown  in  Fig.  231.  The 
bulb  of  one  is  covered  with  muslin, 
and  is  kept  moist  bj*  means  of  a 
wick  dipping  in  water.  The  bulb 
of  the  other  is  kept  dr}^  and  indi- 
cates the  temperature  of  the  air. 

The  evaporation  that  takes  place  from 
the  wet  bulb  lowers  its  temperature  be- 
low that  of  the  other  thermometer. 

The  greater  the  difference  between 
the  readings  of  the  two  thermometers, 
the  dryer  is  the  air,  or  the  further  from 
complete  saturation. 

The  evaporation  will  go  on  unless 
the  air  is  fully  saturated. 

This  hygrometer,  on  account  of  the 
facilities  of  observation  it  affords,  is 
more  generally  used  than  any  other. 

'^"^"  358.  Mists,  Fogs,  and  Clouds. 

l^^'g-  ^31-  —  Mists,  Fogs,   and   Clouds  are 

masses  of  vapor  condensed  into  drops  or  vesicles  b}'  coming 
in  contact  with  colder  strata  of  the  atmospliere.  The  tei-m 
fog  or  mist  applies  when  these  masses  are  in  contact  with  the 
earth,  and  the  term  cloud  when  they  are  suspended  in  the 
air.  A  fog  differs  from  a  mist  more  in  degree  than  in  kind. 
We  generall}^  call  a  very  thick  mist  a  fog. 

The  air  at  all  times  contains  a  greater  or  less  quantity 
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of  invisible  vapor,  and  if  at  anj  time  the  air  becomes  cooled 
below  a  certain  limit,  a  portion  is  condensed  and  becomes 
visible  ;  the  result  is  either  a  fog  or  a  cloud. 

One  of  the  most  common  causes  of  clouds  is  the  cold  generated  by 
an  ascending  current  of  air.  When  the  air  becomes  heated  it  ex- 
pands and  ascends,  and,  being  continually  subjected  to  a  diminishing 
pressure,  it  expands  rapidly,  and  a  large  amount  of  heat  must  become 
latent.  This  absorption  of  heat  produces  cold  enough  to  condense 
the  vapor  into  clouds.  When  a  cloud  floats  into  a  warmer  stratum 
of  the  atmosphere,  it  is  often  converted  into  invisible  vapor  and  dis- 
appears.    It  is  dissolved. 

Mountains  arrest  the  winds  blowing  from  the  plains,  and  force 
them  to  ascend  their  sloping  sides.  Coming  in  contact  with  the 
colder  strata  of  the  atmosphere,  the  moisture  is  converted  into  clouds 
and  fogs.  Hence  we  often  see  the  mountain -tops  covered  with  fogs 
and  clouds  when  the  other  portions  of  the  sky  are  clear.  The  con- 
densation of  water  on  the  sides  of  mountains  is  the  most  fruitful 
source  of  our  streams.  When  a  cold  wind  meets  with  a  warm  and 
moist  current  of  air,  the  cooling  process  is  so  great  as  to  generate 
clouds. 

Two  theories  have  been  advanced  to  explain  the  reason 
wh}'  clouds  remain  suspended  in  the  air.  According  to  the 
first  theor}',  the  particles  of  moisture  are  hollow  splieres  of 
water,  like  soap-bubbles,  filled  with  air  less  dense  than  that 
without.  Consequently^  the  little  vesicles  float  in  the  air  like 
so  many  minute  balloons.  According  to  the  second  and 
favorite  theory,  the  particles  are  extremely  small,  and  float  in 
the  air  in  the  same  waj^  that  particles  of  dust  and  other  small 
bodies  are  seen  to  be  borne  along  by  the  atmosphere. 

Fogs  and  mists  form  over  bodies  of  water  and  moist  grounds, 
when  the  air  above  them  is  cooler  than  the  water  or  earth. 

They  are  frequent  along  the  course  of  rivers  and  upon  inland 
lakes.  The  cause  of  the  dense  fogs  that  prevail  in  the  neighborhood 
of  Newfoundland  is  the  Gulf  Stream.  The  water  brought  by  the 
Gulf  Stream  is  warmer  than  that  of  the  surrounding  ocean,  and  as 
the  vapor  rises  from  it,  it  is  cimvcrted  by  the  cold  air  from  the  neigh- 
boring regions  into  fog. 
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359.  Varieties  of  Clouds.  —  Clouds  have  been  divided, 
according  to  Howard,  into  four  principal  kinds  :  nimbus^  stra- 
tus, cumulus^  and  cirrus.  Tkese  four  kinds  are  represented  in 
Fig.  232,  and  are  designated,  respectively,  by  one,  two,  three, 
and  four  birds  on  the  wing. 

Howard  calls  any  cloud  nimbus  from  which  rain  is  descending, 
although  it  is  not  strictly  one  of  the  fundamental  varieties,  hut  a 
combination  of  several. 


Fig.  2^2. 

The  stratus  clouds  consist  of  horizontal  sheets.  They  occupy  a 
low  position  in  the  atmosphere.  They  are  frequently  formed  at  sun- 
set and  disappear  at  sunrise. 

The  cumulus  clouds  ai-e  rounded  masses  tliat  look  like  mountains 
piled  one  on  the  other.     They  are  summer  clouds. 

The  cirrus  clouds  are  light,  feathery  clouds,  and  occupy  the  high- 
est regions  of  the  atmosphere.  They  are  probably  composed  of 
frozen  particles. 

It  must  not  be  supposed  that  these  four  fundamental  forms  are 
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always  distinctly  outlined  in  the  atmosphere.     They  frequently  pass 
into  one  another  and  form  intermediate  types. 

360.  Rain.  —  Rain  is  a  fall  of  drops  of  water  from  the 
atmosphere.  When  several  particles  of  a  cloud  unite,  the 
weight  becomes  too  great  to  be  supported  by  the  air,  and 
the  drop  thus  formed  falls  to  the  ground. 

When  a  cloud  floats  into  a  ccdder  stratum  of  the  atmosphere,  it 
becomes  more  condensed,  and  we  have  a  fall  of  rain.  When  it  floats 
into  a  warmer  stratum,  it  dissolves.  Hence  we  often  see  the  clouds 
of  th6  morning  dissolve  under  the  influence  of  the  sun,  which  acts  to 
heat  the  ii|^er  regions  of  the  atmosphere. 

The  quantity'  of  rain  that  falls  in  any  country  depends  upon 
its  neighborhood  to  the  ocean  or  other  bodies  of  water,  upon 
the  season,  upon  the  temperature,  and  upon  the  prevailing 
direction  of  the  winds.  More  rain  falls  near  the  coasts  than 
in  the  interior ;  more  rain  falls  in  summer  than  in  winter ; 
more  rain  falls  in  tropical  climates  than  in  temperate  and 
polar  climates  ;  and,  finally,  more  rain  falls  in  those  countries 
where  the  prevailing  winds  are  from  the  ocean  than  where 
they  are  from  the  continents. 

The  following  table  indicates  the  number  of  inches  of  rain  that 
£iEdl  during  the  year  at  the  places  named  :  — 

At  Copenhagen 18  inches. 

"  Paris 22       '' 

"  Havana 90       '' 

**  Calcutta 81 

"  Grenada 126       " 

From  this  we  see  that  the  quantity  of  rain  increases  rapidly  as  we 
approach  the  equatorial  regions. 

361.  DevT  and  Frost.  —  Dew  is  a  deposition  of  watery 
particles  that  takes  place  upon  the  soil  and  plants  during  the 
calm  nights  of  summer. 

The  true  theory  of  dew  was  first  established  by  Wells. 
According  to  his  theor^^  dew  results  from  the  earth  and 
plants  becoming  cooled  by  radiation,  thus  producing  a  de- 
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posit  of  moisture  from  the  neighboring  strata  of  air.  Good 
radiators  are  soonest  covered  with  dew,  whilst  bad  i*adiators 
have  little  or  no  dew  formed  upon  them. 

The  state  of  the  atmosphere  influences  the  amount  of  dew. 
When  the  air  is  clear  the  dew  is  ahundant ;  when  cloudy,  little  or 
no  dew  is  formed.  In  this  case  the  clouds  reflect  back  the  radiated 
heat,  and  thus  prevents  the  earth  from  cooling  so  rapidly.  A  strong 
breeze  prevents  the  formation  of  dew  by  removing  the  strata  of  air 
next  the  earth  before  they  have  time  to  be  cooled  down  to  the  point 
of  saturation,  or  the  dew-point.  A  gentle  breeze  may  faciUtate  the 
formation  of  dew  by  replacing  the  layer  of  air  from  which  the  water 
has  been  deposited  by  another  which  contains  more  moisture. 

The  freezing  of  water  artificially  in  the  tropical  chmate  of  India, 
depends  upon  this  same  principle  of  the  radiation  of  heat  from  the 
earth  during  the  night.  Shallow  pits  are  dug  and  in  them  some 
straw  is  laid,  and  upon  the  straw  are  placed  broad,  flat  pans  of  water. 
The  water  loses  its  heat  by  radiation,  and  not  being  able  to  receive 
an  equivalent  supply  from  the  earth  on  account  of  the  poor  conduct- 
ing power  of  the  straw,  its  temperature  sinks  below  the  freezing  point 
and  ice  is  formed.  (The  drops  of  water  and  the  coating  of  frost  seen 
on  the  glass  of  our  windows  in  winter,  are  explained  in  Art.  326.) 

The  nearer  the  air  is  to  saturation,  the  more  abundant  is  the  de- 
posit of  dew.  Hence,  before  a  rain,  the  deposit  is  specially  abun- 
dant. Stone  walls  and  the  like,  being  cooler  than  the  atmosphere, 
are  often  in  summer  covered  with  moisture,  when  they  are  said  to 
sweat.     The  moisture  in  this  case  is  condensed  from  the  air. 

White  Frost  is  nothing  more  than  frozen  dew.  It  is 
often  seen  in  autumn,  and  arises  under  the  same  circum- 
stances as  are  favorable  to  the  formation  of  dew.  In  order 
that  frost  may  occur,  the  earth  must  be  cooled  below  32°  F. 

It  is  often  said  that  it  freezes  harder  when  the  moon  shines  than 
when  it  is  concealed  by  clouds.  This  is  the  case,  but  the  moon  has 
nothing  to  do  with  the  freezing.  The  true  explanation  of  the  phe- 
nomenon is  this :  When  the  moon  shines,  it  is  generally  cloudless, 
and  the  radiation  goes  on  more  rapidly,  and  of  course  a  greater  de- 
gree of  cold  is  produced.  On  the  contrary,  when  the  moon  is  ob- 
scured, it  is  generally  cloudy  ;  and  the  clouds  as  stated  above  reflect 
back  the  heat,  and  the  heat  they  send  back  to  the  earth  is  nearly  or  quite 
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cncHigh  to  compensate  for  that  radiated  from  the  earth ;  hence  the 
process  of  freezing  is  either  retarded  or  entirely  prevented. 

Plants  are  good  radiators,  hence  they  are  more  likely  to  be  affected 
by  fjrost  than  other  objects.  To  protect  them  from  frost  ^^-e  cover 
them  with  mats,  which  prevent  radiation,  or  rather  reflect  back  the 
heat  that  the  plants  throw  off. 

362.  Sno^v  and  Hail.  —  Snow  is  formed  by  the  freezing 
of  vapor  in  the  upper  regions  of  the  atmosphere,  whence  it 
falls  to  the  ground  in  flakes. 


Fig.  238. 

Snow-flakes  are  made  up  of  crystals,  arranged  in  star-like 
forms,  with  three  or  six  branches,  differently  aiTanged,  but 
always  remarkable  for  their  regular! t}"  and  beaut}'.  When 
snow  falls,  the  temperature  of  the  air  is  near  32°  F.  If  the 
temperature  is  much  lower,  the  snow  is  less  abundant,  be- 
cause the  amount  of  vapor  in  the  air  is  less. 

Fig.  233  shows  some  of  the  forms  as  seen  through  a  miscroscopo. 

The  quantity  of  snow  that  falls  in  any  place  is  generally  the 
greater  as  the  place  is  nearer  the  pole,  or  as  it  is  higher  above  the 
level  of  the  ocean.     At  the  poles,  and  on  the  summits  of  high  moun- 
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tains  in  all  latitudes,  snow  remains  through  the  entire  year.  As  we 
approach  the  equator,  the  region  of  perpetual  snow  rises  higher  and 
higher  above  the  level  of  the  ocean.  In  the  Andes,  under  the  equa- 
tor, the  limit  of  perpetual  snow  is  between  15,000  and  16,000  feet 
above  the  level  of  the  ocean ;  in  the  Alps  it  is  only  10,500  feet  above 
the  level  of  the  ocean ;  toward  the  northern  extremity  of  Norway  it 
is  but  3,000  feet  above  the  ocean  level. 

Hail  is  composed  of  layers  of  compact  ice,  arranged  con- 
centrically about  nuclei  of  snow.  The  formation  of  hailstones 
has  never  been  satisfactorily  explained,  especially  the  great 
size  of  some  of  them. 

Hail  is  supposed  by  some  to  be  due  to  the  freezing  of  rain-drops  in 
their  passage  through  strata  of  air  colder  than  those  in  which  they 
were  formed. 

Others  suppose  a  cold  current  of  air  forces  its  way  into  a  mass  of 
air  much  warmer  than  itself  and  nearly  saturated,  the  temperature 
being  reduced  below  32°  F. 

363.  Winds. — Winds  are  currents  of  air,  moving  with 
greater  or  less  rapidity.  The^-  are  generall}'  named  from  the 
quarter  whence  they  blow ;  thus,  a  wind  that  blows  from  the 
east  is  called  an  east-wind,  and  so  for  other  winds.  Winds 
are  sometimes  named  from  some  local  peculiarity.  Thus,  we 
have  trade-windSy  monsoons^  siroccos ^  and  the  like.  The  pre- 
vailing directions  of  the  wind  are  different  in  different  coun- 
tries, for  reasons  that  will  be  explained  hereafter. 

364.  Causes  of  Winds. — Winds  arc  caused  by  varia- 
tions of  temperatui-e  in  the  atmosphere;  these  variations 
produce  expansions  and  contractions,  thus  disturbing  the 
equilibrium  of  the  atmosphere,  causing  cuiTents.  These  cur- 
rents are  winds.  For  example,  if  the  air  is  more  heated  over 
one  country  than  over  the  neighboring  countries,  it  dilates 
and  rises,  its  place  being  supplied  by  the  colder  air  which  flows 
in  from  the  surrounding  regions.  The  surplus  of  air  thus 
brought  in  flows  over  at  the  top  of  the  ascending  column. 
Hence  there  is  a  current  near  the  earth  in  one  direction,  whilst 
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at  a  higher  elevation  there  is  a  current  flowing  in  a  contrary 
direction. 

365.  Regular,  Periodic,  and  Variable  Winds. — 
Winds  are  divided  into  three  classes:  Regular  Winds, 
Periodic  Winds,  and  Variable  Winds. 

1.  Regular  Winds.  —  Regular  winds  are  those  which  blow 
throughout  the  year  in  the  same  direction.  They  occur  in 
the  neighborhood  of  the  equator,  extending  on  each  side 
about  30  degrees.  From  their  advantage  to  commerce  they 
are  called  trade-winds.  On  the  north  side  of  the  equator  the}' 
blow  from  the  northeast ;  on  the  south  side  they  blow  from 
the  southeast. 

The  trade- winds  arise  from  currents  of  air  flowing  from  the  polar 
regions  towards  the  equator ;  the  vel(x;ity  of  the  earth  about  its  axis 
being  greater  as  we  approach  the  equator,  these  winds  lag  behind,  as 
it  were,  and  become  inclined  to  the  westward,  giving  northeast 
winds  on  the  north  side,  and  southeast  ones  on  the  south  side  of  the 
equator. 

2.  Periodic  Winds,  —  Periodic  winds  are  those  which,  at  reg- 
ular intervals  of  time,  blow  from  opposite  directions.  Such 
are  the  monsoons  that  prevail  in  the  Indian  Ocean,  blowing 
one  half  of  the  year  from  northeast  to  southwest,  and  the 
other  half  in  the  opposite  direction.  When  the  sun  is  on 
the  north  of  the  equator,  the  southern  portion  of  the  Asi- 
atic continent  is  warmer  than  the  southern  part  of  Africa, 
and  the  winds  blow  from  southwest  to  northeast ;  when  the 
sun  is  on  the  south  side  of  the  equator,  the  reverse  is  the 
case. 

The  simoom  is  a  hot  wind  that  blows  from  the  deserts  of 
Africa.  It  is  felt  in  the  northern  and  northeastern  parts  of 
the  African  continent.  During  its  prevalence  the  thermome- 
ter often  rises  to  120*^  F.  In  the  desert  this  wind  becomes 
suffocating  from  its  heat  and  dryness.  Travellers  exposed  to 
it  cover  their  faces  with  thick  cloths,  and  their  camels  turn 
their  backs  to  escape  its  injurious  effects. 
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The  sirocco  is  a  hot  wind  that  sometimes  is  felt  in  Italy. 
When  it  blows  people  remain  in  their  houses,  taking  care  to 
close  every  door  and  window.  Some  suppose  this  to  be  a 
continuation  of  the  simoom  from  the  African  desert. 

The  land  and  sea  breezes  are  winds  that  blow  on  the  sea- 
coast.  During  the  da}'  the  land  becomes  heated  to  a  higher 
degree  than  the  sea ;  consequently  the  air  resting  on  the  land 
becomes  more  heated  and  rarefied  than  that  on  the  water ; 
hence  it  ascends,  and  the  cooler  air  from  the  sea  flows  in  to- 
wards the  land  to  take  its  place,  constituting  the  sea-breeze. 

During  the  night  the  land  cools  more  rapidly  than  the  sea,  and  a 
contrary  effect  is  produced.  The  ak  over  the  sea  becomes  warmer, 
and  rises  to  make  way  for  the  cooler  and  denser  air  coming  from  the 
land.     This  current  is  called  the  land-breeze. 

3.  Variable  Winds.  —  Variable  winds  are  those  which  blow 
sometimes  in  one  direction  and  sometimes  in  another,  without 
any  apparent  law  of  change.  The  further  we  recede  from  the 
equatorial  regions,  the  more  variable  are  the  winds  in  their 
character. 

This  is  undoubtedly  due  to  the  fact  that  the  two  great  currents 
of  air  that  form  the  trade-winds  gradually  approach  each  other 
in  temperature,  at  a  distance  from  the  equator,  and  lose  that 
regularity  of  action  that  marks  their  movements  in  the  tropical 
regions. 

The  current  coming  from  the  poles  grows  warmer,  and  that  going 
towards  the  poles  grows  cooler,  so  that  in  the  temperate  zones  the 
disparity  of  temperature  is  not  sufficiently  great  to  keep  the  cuiTcnts 
distinct,  and  therefore  there  is  a  constant  tendency  to  mingle  and  in- 
terchange their  positions. 

366.  Tornadoes.  —  A  Tornado  is  a  violent  whirlwind, 
attended  with  rain,  thunder,  and  lightning.  They  are  sup- 
posed to  be  caused  bj'  currents  of  air  encountering  one  an- 
other when  moving  in  different  directions,  thereby  imparting 
to  the  atmosphere  a  whirling  motion.  Tornadoes  often  travel 
considerable  distances,  overturning  buildings  and  uprooting 


Digitized 


by  Google 


WINDS. 


307 


trees ;  they  are  accompanied  with  a  noise  like  that  of  heavily 
loaded  carts  driven  over  a  stony  road. 

Two  species  of  toFDado  are  recognized,  terrestrial  and  marine,  ac- 
cording as  they  take  place  on  land  or  on  water.  The  latter  class 
present  reniarkahle  phenomena.  The  rotary  force  of  the  wind  raises 
the  water  in  the  form  of  a  cone,  while  a  second  cone  forms  in  the 
cloud,  having  its  apex  downwards.  These  cones  move  to  meet  each 
other,  forming  a  column  of  water  reaching  from  the  ocean  to  the 
cloud.  In  this  fonn  the  column  of  fluid  is  called  a  water-spout. 
When  a  water-spout  strikes  a  ship  it  does  immense  damage. 

367.  Velocity  of  Winds.  —  The  velocity  of  winds  is 
exceedingly^  variable.  The  velocity  is  measured  b}'  instru- 
ments called  anemometers.  These  consist  of  a  species  of 
windmill  attached  to  a  train  of  wheel- work,  b}'  means  of 
which  the  number  of  revolutions  per  minute  can  be  regis- 
tered. From  the  number  of  revolutions  the  velocity  can  be 
computed. 

Fig.  234  represents  this  form  of  anemometer.     It  consists  of  four 
hemispherical  cups  attached  to  hor- 
izontal    arms    of    equal    length. 
These  turn  freely  about  a  verti- 
cal axis. 

This  axis  carries  an  endless 
screw,  which  sets  in  motion  a 
train  of  wheel-work.  The  num- 
ber of  revolutions  is  registered  on 
a  dial  by  means  of  pointers  con- 
nected with  the  wheel- work. 

The  velocity  of  the  gentlest 
breeze,  or  zephyr,  is  not  more 
than  one  mile  per  hour;  a  mod- 
erate wind  travels  at  the  rate  of 
4^  to  5  miles  per  hour,  a  brisk 
wind  20  miles  per  hour,  a  tem. 
pest  40  to  50  miles  per  hour,  and 
a  hurricane  from  90  to  100  miles  per  hour. 


Fig.  234. 
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368.  The  Signal  Service.  —  Attempts  to  predict  im- 
portant changes  in  the  weather,  so  as  to  give  timely  warning 
of  the  approach  of  storms  and  tempests,  have  been  made  by 
civilized  communities  from  time  immemorial.  These  at- 
tempts, however,  have  of  necessity  been,  to  a  great  extent, 
crude  and  ineffectual.  The  coming  storm  could  not  be  fore- 
told in  sufficient  season  to  admit  of  making  preparations  for 
averting  its  violence. 

By  means  of  the  electric  telegraph  the  Signal  Service  of 
the  present  daj'  has  reached  a  high  state  of  efficiency,  and  is 
of  great  value  to  commerce  and  agriculture.  By  its  aid  in- 
telligence of  storais  and  approaching  weather-changes  can  be 
transmitted  from  point  to  point  man}'  hours  in  advance. 

That  the  Signal  Service  is  a  part  of  the  regular  arm}-  in- 
spires confidence  in  its  work  and  gives  trustworthiness  to  its 
reports.  The  thorough  discipline  of  the  armj'  is  essential  to 
the  successful  working  of  the  corps  of  weather-observers. 
There  must  be,  on  the  part  of  its  members,  punctuality,  prompt 
obedience,  and  the  closest  attention  to  the  minutest  details. 
There  must  also  be  the  power  to  enforce  these  requirements, 
and  this  can  be  perfectly  secured  in  the  arm}'. 

Every  man  of  the  signal  corps  is  thoroughly  instructed  and  prac- 
tised in  the  use  of  the  telegraph  and  other  instruments  that  are  em- 
ployed in  every  branch  of  the  service. 

The  total  number  of  stations  of  observations  within  the  limits  of 
the  United  States  is  between  two  and  three  hundred.  Each  station 
is  equipped  with  the  following  instruments :  barometer,  thermome- 
ter, hygrometer,  anemoscope,  anemometer,  and  rain-gauge.  All  the 
stations  communicate  with  the  central  office  at  Washington. 

Three  observations  are  taken  daily,  Washington  time ;  this  insures 
the  reading  of  the  instruments  by  all  the  observers  at  the  same  time. 
The  instruments  are  read  in  the  order  given  above. 

The  reports  from  the  diflf(Tent  stations  are  transmitted  in  cipher  to 
the  central  office  and  entered  on  weather-maps.  From  the  study  of 
these  maps  the  probable  weather  changes  for  the  next  twenty-four 
hours  are  deduced.  Everything  must  be  entered  on  the  maps  and 
acted  on  in  a  few  minutes.  The  weather  deductions  are  then  fur- 
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nished  to  the  press  for  publication^  also  telegraphed  in  bulletin  form 
to  different  centres  for  the  use  of  farmers,  besides  being  given  to  the 
Associated  Press  for  distribution  throughout  the  country. 

Not  only  is  the  state  of  the  weather  in  the  various  great  districts 
of  the  country  given  and  a  brief  synopsis  of  the  probabilities,  but  also 
an  insight  into  the  manner  by  which  the  probabilities  are  detennined 
and  the  reasons  for  the  predictions. 

When  severe  storms  are  approaching  the  lakes  or  the  sea-coast,  cau- 
tionary signals  are  ordered  at  the  central  oflBce  to  be  displayed  at  the 
lakes  and  seaports  and  along  the  sea-coast  as  a  warning  to  mariners. 

For  fuller  details  of  this  importa,nt  and  interesting  topic  the  stu- 
dent is  referred  to  the  annual  reports  of  the  Chief  Signal  Officer  and 
to  other  documents  bearing  on  the  subject,  which  ^an  be  obtained  ou 
applii^ation  to  the  War  Department. 
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CHAPTER  VIII. 

OPTICS. 
SECTION    I. — GENERAL   PRINCIPLES. 

369.  Definition  of  Optics.  —  Optics  is  that  branch 
of  Physics  which  treats  of  the  phenomena  of  light. 

370.  Definition  of  Light.  —  Light  is  that  phjsical agent 
which,  acting  upon  the  ej'e,  produces  the  sensation  of  sight. 

371.  Two  Theories  of  Light.  —  Two  theories  have 
been  advanced  to  account  for  the  phenomena  of  light :  the 
Emission  Theory^  and  the  Undulatory  or  Wave  Theory, 

According  to  the  emission  theory^  light  consists  of  infinitely 
small  particles  of  matter,  shot  forth  from  luminous  bodies 
with  immense  velocity,  which,  falling  on  the  retina  of  the 
eje,  produce  the  sensation  of  sight. 

According  to  the  undulatory  theory^  light,  like  heat,  is 
caused  by  the  vibrations  of  the  molecules  of  bodies.  It  is 
transmitted  by  a  highlj'  elastic  medium  called  luminiferous 
ether.  This  medium,  which  also  transmits  radiant  heat,  ex- 
tends through  space,  penetrates  all  bodies,  and  exists  in  the 
intervals  between  their  molecules.  The  molecular  inbrations 
of  a  luminous  bod}^  are  imparted  to  the  neigliboring  ether, 
and  are  propagated  through  it  by  a  succession  of  spherical 
waves ;  these  waves,  falling  on  the  retina  of  tiie  eje,  excite 
the  sensation  of  sight. 

Light  and  radiant  heat  are  very  closely  related  to  each  other,  being 
furuis  of  radiant  energy  :  they  are  generated  in  the.  same  Jijauner, and 
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are  propagatetl  through  the  same  medium,  but  they  differ  from  each 
other  in  their  wave-length,  and,  as  a  consequence,  in  their  mode  of 
action  on  bodies. 

Heat  is  produced  by  waves  of  greater  length  than  those  which 
cause  light.  The  vibrations  of  ether  also  are  more  rapid  in  the  case 
of  light. 

In  sound  the  particles  of  air  vibrate  to  and  fro  in  the  direction  of 
propagation  ;  in  light  and  radiant  heat  the  particles  of  ether  vibrate 
to  and  fro  in  a  direction  perpendicular  to  that  of  propagation.  In 
sound  the  vibrations  are  longitudinalj  or  in  the  direction  of  the  rays ; 
in  light  and  radiant  heat  they  are  transverscd,  or  perpendicular  to  the 
rays. 

The  idea  of  transversal  vibrations  may  be  illustrated  by  a  rope 
made  fast  at  one  end  and  held  by  the  hand  at  the  other.  If  the  free 
end  be  moved  rapidly  to  and  fro,  at  right  angles  to  the  rope,  a  suc- 
cession of  waves  will  run  along  the  rope,  while  the  particles  of  the 
rope  simply  vibrate  back  and  forth  in  jKirpendiculars  to  the  rope.     If 


Fig.  235. 

a  stone  be  dropped  into  a  pool  of  still  water,  a  series  of  waves  will  be 
propagated  outward,  while  the  particles  of  water  simply  rise  and  fall, 
their  motion  being  perpendicular  to  the  direction  of  propagation. 

The  undulatory  theory  is  now  generally  accepted  by  physicists. 

This  kind  of  wave  motion  is  shown  in  Fig.  235.  The  white  dots 
represent  molecules  of  ether,  and  the  light  is  supposed  to  pass  in  the 
direction  A  B.  The  distances  h'  d  and  c'  d'  are  called  wave-leiagths, 
that  is,  from  the  crest  of  one  wave  to  the  crest  of  the  next.  The 
distances  &'&",/'/",  c'  d'y  and  d'  d"  represent  amplitudes  of  vibration. 
Through  these  distances  the  molecules  of  either  oscillate  back  and 
forth. 

372.  Luminous  Bodies.  —  Sources  of  Light.  —  Bod- 
ies that  emit  light  are  said  to  be  luminous;  those  that  are 
seen  by  light  derived  from  others  are  said  to  be  iUnminatod, 
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Luminous  bodies  generate  light;  illuminated  bodies  reflect 
and  diffuse  it.  The  sun  is  a  luminous  body ;  the  moon  is 
illuminated  by  it. 

The  pi-ineipal  sources  of  light  are  the  sun,  the  starSy  heaty 
chemical  combination,  phosphorescence,  and  electricity, 

Tho  ultimato  cause  of  the  sun's  light  is  unknown.  The  sun  is 
surrounded  hy  a  gaseous  envelope,  called  the  photospJiere,  which  ap- 
pears to  be  in  a  state  of  intense  ignition.  The  molecular  vibi-ations 
of  this  envelope  are  undoubtedly  the  immediate  sources  of  solar  light 
and  solar  heat.  The  stars  are  similar  to  the  sun,  but  on  account  of 
their  enormous  distances  from  us,  they  send  us  but  a  small  amount 
of  light  and  heat. 

If  a  body  be  heated  its  molecules  are  thrown  into  vibration,  and 
when  its  temperature  reaches  900°  or  1000°  F.,  it  begins  to  be  lumi- 
nous in  the  dark.  Beyond  that  its  brightness  increases  as  its  temper- 
ature rises. 

Tlie  Fight  developed  by  chemical  combinations  is  mostly  due  to 
the  heat  that  accompanies  them.  Combustion  is  an  example ;  the 
affinity  between  the  oxygen  of  the  air  and  the  carbon  of  the  fuel 
causes  them  to  rush  together  under  favorable  circumstances,  thus 
generating  heat  and  ultimately  light  itself. 

Phosphorescence  is  the  property  that  some  bodies  have  of  giving 
out  light  under  certain  conditions,  without  heat ;  it  is  often  observed 
in  decaying  animal  and  vegetable  matter,  and  in  some  minerals. 
The  light  of  the  fire-fly  is  an  example  of  this  proi>erty. 

Electricity  is  the  source  of  a  species  of  light  that  rivals  in  intensity 
that  of  the  sun  itself.     It  will  be  treated  of  hereafter. 

373.  Media.  —  Opaque  and  Transparent  Bodies. — 
A  Medium  is  anything  that  transmits  light ;  thus,  free  space, 
air,  water,  and  glass  are  media. 

A  medium  is  said  to  be  homogeneous  when  the  chemical  composi- 
tion and  density  of  all  its  parts  are  the  same. 

A  Transparent  Body  is  one  that  permits  light  to  pass 
through  it  freely ;  as  glass,  diamonds,  rock-crystal,  and 
water. 

When  bodies  permit  light  to  pass  through  them,  but  not  in 
such  quantity  as  to  allow  objects  to  be  seen  through  them. 
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they  are  called  translucent.  Thus,  scraped  hoiii,  ground 
glass,  oiled  paper,  and  thin  porcelain  are  translucent. 

An  Opaque  Body  is  one  that  does  not  peimit  light  to  pass 
through  it.     Thus,  iron,  wood,  and  granite  are  opaque  bodies. 

No  bodies  are  perfectly  opaque  ;  when  cut  into  sufficiently 
thin  leaves,  they  are  more  or  less  translucent. 

374.  Absorption  of  Light.  —  No  body  is  perfectly  trans- 
parent ;  all  intercept  or  absorb  more  or  less  light,  but  some 
absorb  much  more  than  others.  If  light  be  transmitted 
through  great  thicknesses  of  media  which  in  thin  layers  are 
transparent,  a  quantity  of  light  is  absorbed,  and  it  often  hap- 
pens that  the  transmitted  light  is  not  of  sufficient  intensity  to 
produce  the  sensation  of  sight. 

The  atmosphere  seems  perfectly  transparent,  but  it  is  a  known 
fact  that  much  of  the  light  of  the  sun  is  absorbed  in  reaching  the 
earth,  as  is  shown  by  the  greater  brilliancy  of  the  stars  in  the  higher 
regions,  as  on  mountain- tops.  In  the  high  regions  of  the  atmos- 
phere objects  are  more  clearly  seen  than  nearer  the  earth  ;  indeed,  so 
great  is  the  clearness  of  vision  in  these  regions,  that  it  becomes  ex- 
ceedingly difficult  to  judge  of  distances.  Opaque  bodies  absorb  all  of 
the  light  falling  upon  them  which  is  not  reflected. 

The  physical  cause  of  absorption  of  light  by  bodies  is  some  pecu- 
liarity of  molecular  constitution  which  breaks  up  and  neutralizes  the 
waves  of  light  that  enter  them. 

375.  Rays  of  Light.  —  Pencils.  —  Beams.  —  Propa- 
gation of  Light.  —  A  Ray  of  Light  is  a  line  along  which 
light  is  propagated.  It  is  perpendicular  to  the  advancing 
wave-front.  When  the  source  is  very  distant  the  wave-fronts 
are  sensibly  plane  and  the  rays  parallel. 

A  Pencil  op  Rays  is  a  small  group  of  rays  meeting  in  a 
common  point,  such  as  the  rays  proceeding  from  a  candle  or 
a  lamp. 

When  the  rays  proceed  from  a  common  point,  they  are  said 
to  be  divergent.  When  they  proceed  towards  a  common  point, 
they  are  said  to  be  convergent. 
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A  Beam  of  Rays  is  a  small  group  of  parallel  rays,  such 
as  enter  a  small  hole  in  a  shutter,  from  a  distant  body,  as  the 
sun. 

In  a  homogeneous  medium  light  is  propagated  in  straight  lines. 
This  is  proved  by  placing  an  opaque  body  iu  the  straight  line  that 
joins  the  eye  on  the  luminous  body ;  the  light  is  intercepted.  The 
rays  of  light  that  pass  into  a  dark  room  by  a  small  aperture  are 
seen  to  be  straight  by  the  particles  of  floating  dust  which  they 
illuminate. 

376.  Visual  Angle.  —  The  angle  fonned  by  two  lines 
drawn  from  the  centre  of  tne  eye  to  the  two  extremities  of  the 
object  is  called  the  visual  angle. 

Fig.  236  represents  the  visual  angle.  The  size  of  this  angle  va- 
ries with  the  distance  of  the  body.     A  B  and  A'  B^  are  of  the  same 


Fig  236. 

length,  yet  the  angle  ^  OB  is  larger  tlian  A'  OB']  hence  the  ap- 
parent size  of  A'  B'  is  less  than  that  oi  AB,  CD  has  the  same 
visual  angle  as  A'  B^  yet  A'  B'  is  the  larger.  The  visual  angle,  then, 
does  not  indicate  the  real  size  of  a  body,  —  we  must  know  its  dis- 
tance. Knowing  the  size  of  a  body,  we  e^n  estimate  its  distance  by 
its  visual  angle,  and  knowing  the  distance  we  can  get  its  size. 

The  apparent  size  of  a  body  can  be  varied  by  increasing  or  de- 
creasing the  visual  angle.  In  the  formation  of  images  by  mirrors 
and  lenses  this  principle  will  be  illustrated. 

377.  Shadows.  —  When  light  falls  upon  an  opaque  body, 
inasmuch  as  the  rays  are  transmitted  in  straight  lines,  the 
space  behind  the  body  from  which  the  light  is  excluded  is 
called  a  shadow. 

If  the  source  of  light  be  a  point,  the  shadow  will  be  sharply 
defined  ;  if  it  be  larger  than  a  point,  the  perfect  shadow  will 
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be  surrounded  by  a  fainter  one  called  the  penximhra.  The 
darker  shadow  is  called  the  umbra. 

In  Fig.  237  we  have  these  two  shadows  represented,  both  the 
luminous  and  opaque  bodies  being  spheres.  If  the  luminous  surface, 
B,  be  larger  than  the  opaque  body,  the  umbra  will  terminate  in  a 
point,  as  in  the  case  of  the  shadow  of  C.  It  will  be  fringed  by  a 
penumbra,  D  D. 

But  if  the  opaque  body  is  larger  than  the  luminous,  the  umbra  will 
be  divergent,  as  seen  in  the  shadow  of -4.  This  is  also  fringed  by  a 
penumbra  DD. 

If  the  luminous  sphere  be  of  the  same  size  as  the  opaque,  the 
umbra  will  be  a  cylinder,  with  a  penumbra  for  a  border. 

The  penumbra  is  less  dark  than  the  umbra,  because  only  a  part 
of  the  rays  from  the  luminous  body  are  cut  off  from  the  spac^  it 
occupies. 


Fig.  237. 

378.  Velocity  of  Light.  —  Light  moves  with  such  ve- 
locity that  for  all  distances  on  the  earth  it  is  practically  in- 
stantaneous. 

It  was  shown  by  Roemer,  a  Danish  astronomer,  in  1678, 
that  light  occupies  nearly  8  J  minutes  in  coming  from  the  sun 
to  the  earth,  which  gives  a  velocity  of  186,000  miles  per 
second. 

He  ascertained  the  velocity  of  light  by  a  succession  of  ob- 
servations on  the  eclipses  of  Jupiter's  first  satellite.  In 
Fig.  238,  S  represents  the  sun,  T  the  earth,  J  Jupiter,  and 
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c  Jupiter's  first  satellite,  that  is,  the  one  nearest  to  Jupiter. 
The  darkened  portion  of  the  figure  beyond  Jupiter  represents 
the  shadow  of  that  planet  east  by  the  sun.  It  is  known  by 
computation  that  Jupiter's  first  satellite  revolves  about  that 
planet  once  in  42  hours  28  minutes  and  36  seconds,  and  b}^ 
entering  the  shadow  of  Jupiter  is  eclipsed  at  each  revolution. 
RoEMER  found  that  as  the  earth  moved  from  T,  its  nearest 
position  to  Jupiter,  towards  ^,  its  most  remote  position,  the 
interval  between  the  consecutive  eclipses  of  the  satellite  grad- 
ually grew  longer,  whilst  in  moving  from  t  back  again  to  T, 
these  intervals  grew  shorter.  The  total  retardation  in  pass- 
ing from  7'  to  t  was  found  to  be  nearly  16  J  minutes,  and  the 
total  acceleration  in  the  remaining  half  of  the  earth's  revolu- 
tion was  also  found  to  be  16^  minutes.  This  was  accounted 
for  by  the  fact  that  the  earth  was  moving  awa}^  from  Jupiter 


Fig.  238. 

in  the  first  case,  and  therefore  the  light  had  to  travel  farther 
and  farther  at  each  eclipse  to  reach  the  observer,  while  in  the 
second  case  the  reverse  happened. 

RoEMER  therefore  inferred  that  it  required  16^  minutes  for  a  ray 
of  light  to  traverse  the  diameter  of  the  earth's  orbit,  or  8 J  minutes 
( for  it  to  pass  over  the  radius  of  that  orbit,  that  is,  over  a  distance 
*  equal  to  that  of  the  earth  from  the  sun. 

It  is  difficult  to  conceive  a  velocity  so  great  as  186,000  miles  per 
second,  a  speed  that  would  carry  a  ray  of  light  around  the  earth 
eight  times  in  a  single  second  of  time.  Some  idea,  however,  may  be 
had  of  the  velocity  of  light  from  the  fact  that  it  would  require  more 
than  two  and  a  half  centuries  for  one  of  our  most  rapid  express- 
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trains  of  cars  to  run  a  distance  over  which  light  passes   in  8J 
minutes. 

379.  Intensity  of  Light.  —  Photometry.  —  The  in- 
tensity of  light  IS  the  amount  of  disturbance  it  imparts  to  the 
ether.  It  is  proportional  to  the  square  of  the  amplitude  of  t/te 
vihrcUion  of  the  ether  particles  ;  that  is,  as  the  amplitude  in- 
creases the  intensity  increases,  as  it  decreases  the  intensity 
also  decreases.  The  intensity  also  varies  inversely  as  the  square 
of  the  distance  from  its  source. 


Fig.  239. 

Hence  we  see  that  light  follows  the  same  law  with  regard 
to  its  intensity  that  is  observed  for  gravity  (Fig.  23)  and 
sound.  The  law  of  variation  of  intensity  can  be  verified, 
experimentally,  by  means  of  an  instrument  called  a  pho- 
tometer. 

A  Photometer  is  an  instrument  for  comparing  the  intensi- 
ties of  different  lights. 

Several  different  instruments  have  been  devised  for  this 
purpose,  one  of  the  simplest  being  that  shown  in  Fig.  239. 
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It  consists  of  a  vertical  screen  of  ground  glass,  -4,  and  a 
vertical  solid  rod,  B^  situated  a  short  distance  in  front  of  it. 

If  two  equal  lights  are  placed  at  equal  distances  from  B,  it  is 
found  that  the  shadows  which  B  casts  upon  A  are  of  the  same  tint. 
If  one  light  he  placed  at  any  distance,  and  four  equal  lights  be 
placed  at  twice  the  distance,  the  shadows  will  be  of  the  same  tint ; 
this  is  the  case  shown  in  the  figure.  It  vniW  require  nine  equal  lights 
at  three  times  the  distance,  sixteen  at  four  times  the  distance,  and  so 
on,  to  produce  the  same  effect.  This  experiment  confirms  the  law  of 
variation  of  intensity  according  to  the  inverse  square  of  the  distance. 

To  use  the  photometer  to  compare  the  intensities  of  any  two 
lights,  let  them  be  placed,  by  trial,  at  such  distances  from  B  that  the 
shadows  cast  on  A  are  of  exactly  the  same  tint ;  then  will  their  in- 
tensities be  to  each  other  as  the  squares  of  their  distances  from  the 
rod,  B. 

Summary.  — 
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Definition  of  Light 
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SECTION    II.  —  REFLECTION    OP   LIGHT.  —  MIRRORS. 

380.  Reflection  of  Light.  —  When  light  passes  ob- 
liquely from  one  medium  to  another,  it  is  separated  into  two 
parts,  one  of  which  is  driven  back  and  remains  in  the  first 
medium,  while  the  other  passes  on  and  enters  the  second 
medium.  The  part  that  is  driven  back  is  said  to  be  reflected^ 
and  the  deviating  surface  is  called  a  reflector. 

Reflection  of  light  is  explained  in  the  same  way  as  reflection  of 
sound.  In  case  of  light  the  wave-lengths  are  so  small  that  the  most 
highly  polished  surfaces  are  comparatively  rough.  Hence  only  a 
part  of  the  reflected  light  appears  to  follow  the  regular  laws ;  the 
rest  is  in*egularly  reflected  or  diflfused.  The  amount  of  light  reflected, 
as  well  as  the  relation  between  that  which  is  regularly  and  that 
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which  is  irregularly  reflected,  depends  on  the  obliquity  of  incidence, 
the  nature  of  the  second  medium,  and  the  polish  of  the  deviating 
surface. 

Light  that  is  irregularly  reflected  enables  us  to  see  objects ;  thus, 
the  light  falling  on  a  sheet  of  paper  is  scattered  or  diffused  so  as  to 
render  it  visible  in  all  directions.  If  a  reflector  were  perfectly  smooth 
it  would  be  invisible ;  we  should  simply  see  in  it  the  images  of  other 
objects. 


Fig.  240. 

It  is  the  diffused  light  reflected  by  the  clouds,  the  air,  the  earth, 
nnd  objects  upon  it,  that  illuminates  our  rooms,  and  renders  objects 
viijiblc  which  do  not  receive  the  direct  rays  of  the  sun. 

If  we  look  out  from  our  houses  we  see  objects  clearly  by  means  of 
ihis  diffused  light,  because  they  receive  much  light  and  therefore 
reflect  much ;  but  if  we  look  from  without  into  a  house  we  see 
objects  with  less  distinctness,  because  they  receive  but  little  light, 
and  therefore  they  reflect  but  little. 

It  is  now  proposed  to  explain  the  laws  of  regular  reflection. 
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381.  Definition  of  Terms.  —  The  ray  that  falls  upon  a 
reflecting  surface  is  called  the  incident  ray ;  thus,  CD  (Fig. 
240)  is  an  incident  ray. 

The  point  where  the  incident  ray  meets  the  reflecting  sur- 
face is  called  the  point  of  incidence ;  thus,  Z)  is  a  point  of 
incidence. 

The  angle  that  the  incident  ray  makes  with  the  perpendicu- 
lar to  the  reflecting  surface  at  the  point  of  incidence  is 
called  the  angle  of  incidence;  thus,  C DA  is  an  angle  of 
incidence. 

The  plane  that  passes  through  the  incident  ray  and  the 
perpendicular  is  called  the  plane  of  incidence  ;  thus,  the  i^lane 
through  CD  and  i>^  is  a  plane  of  incidence. 

The  ray  driven  off  from  the  reflecting  surface  is  called  the 
reflected  ray  ;  thus,  Z>  ^  is  a  reflected  ra}'. 

The  angle  that  the  reflected  ray  makes  with  the  perpendic- 
ular is  called  the  angle  of  reflection  ;  thus,  BDA  is  an  angle 
of  reflection. 

The  plane  of  the  reflected  ray  and  the  perpendicular  is 
called  the  pla7ie  of  refection  ;  thus,  the  place  of  BD  and  DA 
is  a  plane  of  reflection. 

382.  Laws  of  Reflection.  —  The  following  laws  are 
shown  by  theor}',  and  confirmed  by  experiment :  — 

1 .  The  planes  of  incidence  and  reflection  coincide ;  both 
are  perpendicular  to  the  reflecting  surface  at  the  point  of 
incidence. 

2.  The  angles  of  incidence  and  reflection  are  equal;  this  is 
true  whatever  may  be  the  angle  of  incidence. 

These  two  laws  are  illustrated  on  page  32  (Fig.  18)  as  regards 
motion ;  but  the  illustration  will  serve  equally  well  for  light  with  a 
few  changes.  Let  B  represent  a  mirror,  and  let  a  ray  of  light  pass 
along  the  line  A  ;  it  will  be  reflected  at  B  to  C. 

It  will  be  seen  that  the  incident  and  reflected  rays  lie  in  the  same 
plane  with  the  perpendicular,  BD^  or,  in  other  words,  that  the 
planes  of  each  coincide. 
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The  plane  of  these  rays  is  perpendicular  to  the  reflecting  surfac^y 
at  5. 

If  the  incident  ray  strikes  the  reflecting  surface  at  right  angles,  the 
reflected  ray  coincides  with  the  incident. 

383.  Direction  in  which  Objects  are  seen.  —  When- 
ever the  rays  of  light  proceed  directly  from  an  object  to  the 
eye,  we  see  the  body  exactly  where  it  is.  When  by  reflec- 
tion, or  any  other  cause,  the  rays  are  bent  from  their  primi- 
tive direction,  we  no  longer  see  bodies  in  their  proper 
position.  They  appear  to  be  in  the  direction  from  which 
the  ray  enters  the  eye. 

This  is  illustrated  in  Fig.  241.  A  represents  a  body  from  which 
a  ray  of  light,  proceeding  in  the  direction  A  B,  is  deviated  or  bent 

0f 

Fig.  241. 
at  Bj  so  as  to  assume  the  new  direction  B  C.     The  eye  receives  the 
ray  from  the  direction  B  (7,  and  in  consequence  the  object,  Aj  ap- 
pears to  be  situated  at  some  point,  a.    This  principle  is  of  importance 
in  explaining  certain  phenomena  produced  by  reflectors  and  lenses. 

384.  Mirrors.  — A  Mirror  is  a  body  with  a  polished  sur- 
face, emploj'ed  to  form  images  of  objects. 

The  best  reflecting  surfaces  are  those  of  polished  metals. 
Our  ordinary  looking-glasses  are  composed  of  plates  of 
smooth  glass,  upon  the  back  of  which  is  fastened  a  thin 
layer  of  tin  and  quicksilver. 

This  mixture,  called  an  amalgam,  offers  an  excellent  re- 
flecting surface,  and  it  is  from  this  that  the  principal  reflection 
takes  place.  The  glass  serves  to  give  the  proper  smoothness 
to  the  amalgam,  as  well  as  to  protect  it  from  injury  and  tar- 
nish. There  is,  however,  a  reflection  from  the  outer  surface 
of  the  glass,  giving  rise  to  feeble  images,  which  render  such 
reflectors  objectionable  for  optical  purposes.  Hence  it  is, 
that  reflectors  for  telescopes  and  the  like  are  generally  made 
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of  alloys,  or  mixtures  of  hard  metals,  which  admit  of  a  high 
polish.     Such  a  mirror  is  called  a  speculum, 

385.  Plane  Mirrors.  —  A  Plane  Mirror  is  one  in 
which  the  reflecting  surface  is  plane. 

We  have  an  example  of  plane  mirrors  in  the  ordinary 
looking-glasses  of  our  houses.  The  surface  of  still  water, 
which  reflects  surrounding  objects,  and  the  surface  of  quick- 
silver, when  at  rest,  are  additional  examples. 


jiill^^ 
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Fig.  242 

386.  Images  formed  by  Plane  Reflectors.  —  An 
Image  of  an  object  is  a  picture  or  representation  of  that  ob- 
ject, formed  by  a  reflector,  or  by  a  lens. 

The  manner  of  forming  images  by  plane  reflectors  is  illus- 
trated in  Fig.  242.  A  pencil  of  rays  coming  from  a  point  is 
reflected  so  as  to  reach  the  eye.  Because  the  angles  of  inci- 
dence and  reflection  are  equal  (Art.  382),  each  ray  will  have 
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the  same  inclination  to  the  mirror  after  reflection  that  it  had 
before  incidence.  Hence  the  reflected  rays,  on  being  pro- 
duced back,  will  meet  at  a  point  as  far  behind  the  reflector  as 
the  point  of  the  object  is  in  front  of  it.  Now,  because  the 
eye  sees  objects  in  the  direction  from  which  the  raj's  reach  it 
(Alt.  383) ,  the  point  appears  to  be  as  far  behind  the  mirror 
as  it  really  is  in  front  of  it.  The  representation  of  the  point 
thus  formed  is  its  image. 

What  has  been  said  of  a  single  point  is  true  of  all  points.  Hence. 
if  we  suppose  peucils  of  rays  to  proceed  from  every  point  of  an  ob- 
ject, each  point  will  have  its  own  image  as  far  behind  the  mirror  as 
the  point  is  in  front  of  it.  The  assemblage  of  images  thtis  formed 
makes  up  tlie  image  of  the  object. 

387.  Nature  of  the  Images  formed.  —  The  image  of 
an  object  in  front  of  a  plane  mirror  is  laterally  reversed ; 
that  is,  the  right  hand  of  a  person  becomes  the  left  of  the 
image,  and  the  left  hand  of  the  person  the  right  of  the 
iriaage.  This  comes  from  the  fact  that  the  image  of  each 
point  is  as  far  behind  the  mirror  as  the  point  is  in  front. 

We  see,  also,  from  what  has  been  said,  that  the  image  is 
erect ^  and  equal  in  size  with  the  object. 

The  rays  that  reach  the  eye  appear  to  come  from  an  image 
which  does  not  in  reality  exist.  The  image  is  only  apparent. 
Such  images  are  called  virtual, 

A  Virtual  Image  is  an  image  that  appears  to  exist,  and 
which  would  be  found  by  producing  the  deviated  pencils  of 
raj's  backward,  till  they  meet  in  points. 

A  Real  Image  is  an  image  that  can  be  thrown  on  a 
screen.  It  is  formed  when  the  reflected  rays  converge  in 
front  of  the  mirror  and  on  the  same  side  as  the  object.  We 
shall  soon  have  an  example  of  this  kind  of  image  in  concave 
mirrors. 

388.  Multiple  Images.  —  Metallic  mirrors,  or  specula^  as 
they  are  called,  having  but  one  reflecting  surface,  form  but  a 
single  image-    Glass  mirrors  have  two  reflecting  surfaces,  the 
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front  surface  of  the  glass,  and  the  metallic  surface  at  the  back 
of  the  glass-  An  image  is  forme<l  by  each  of  these  surfaces, 
but  that  formed  by  the  latter  is  the  more  striking,  because  the 
first  surface  reflects  only  a  small  portion  of  the  light. 

This  formation  of  two  images  by  glass  miiTors  renders 
them  unfit  for  many  optical  purposes,  as  previously  stated 
(Art.  384).  The  double  image,  formed  by  placing  a  point 
against  the  glass,  enables  us  to  judge  of  the  thickness  of  the 
glass- 


IMM^S^^^S^^B 


Fig.  243. 

If  a  candle  (Fig.  243)  be  placed  between  two  plane  mirrors  which 
form  an  angle  with  each  other,  images  of  the  objects  are  formed.  If 
the  angle  is  90°,  there  will  be  three  images ;  if  60°,  five  images ;  and 
seven,  if  it  is  45°. 

The  number  of  images  increases  as  the  angle  diminishes.  When 
it  becomes  zero,  that  is,  when  the  mirrors  are  parallel,  the  number 
would  be  infinite,  on  account  of  the  increasing  number  of  reflections 
from  one  mirror  to  the  other.  The  images,  however,  become  more 
and  more  dim  as  they  recede,  since  each  reflection  involves  a  loss  of 
light. 

389.  The  Kaleidoscope  depends  on  this  property  of  in- 
clined miiTors.  It  consists  of  a  tube  containing  usually  three 
mirrors  inclined  to  one  another  60°.     One  end  of  the  tube  is 
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closed  bj'  a  cap  provided  with  an  aperture  for  the  eye ;  at  the 
other  end  there  are  two  plates,  one  of  ground  and  the  other 
of  clear  glass,  the  former  being  more  remote  from  the  eye. 
Between  these  two  plates  of  glass  small  irregular  pieces  of 
colored  glass  are  loosely  placed. 

When  we  look  through  the  tube,  holding  the  ground-glass  end 
towards  the  light,  the  objects  and  their  innages  are  seen  arranged  in 
forms  of  great  beauty,  which  show  an  endless  variety  of  shapes  as 
we  turn  the  tube.' 

3Q0.  Reflection  by  Transparent  Bodies.  —  We  have 
just  seen  that  glass,  notwithstanding  its  transparency,  reflects 
light  enough  to  form  an  image.  The  same  is  the  case  with 
other  transparent  bodies,  of  which  water  forms  a  conspicuous 

example.  Images  seen  in 
water  are  S3'm metrically  dis- 
posed with  respect  to  the 
surface  of  the  water,  but 
inverted. 

The    case    is    precisely  the 

same  as  though  the  images  had 

been    formed    by   a  horizontal 

^  mirror,  MN,  as  represented  in 

^'^'  ^^^-  Fig.  244.     The  image,  a  6,  is 

seen  to  be  inverted,  and  as  far  below  the  mirror  as  the  object,  A  B, 

is  above  it. 

Fig.  245  represents  the  phenomenon  of  reflection  from  the  surface 
of  still  water. 

391.  The  Heliostat.  —  It  is  necessary,  in  the  illustra- 
tion of  many  of  the  properties  of  light,  to  have  a  beam  of 
sunlight  enter  a  darkened  room.  This  must  be  direct  sun- 
light, or  sunlight  reflected  from  a  mirror  placed  outside  the 
window-shutter. 

It  is  very  desirable,  also,  to  have  the  light  reflected  in  any 
required  direction  and  for  any  length  of  time.  To  secure 
this  advantage  an  instrument  called  a  heliostat  is  emoloved. 


Digitized 


by  Google 


MIRRORS. 


329 


Tills  usually  consists  of  a  mirror,  which  is  movable,  and  can 
be  adjusted  to  the  position  of  the  sun  at  all  times,  by  means 
of  the  hand  or  by  clock-work  arrangement.  The  direction  of 
the  reflected  beam  is  thus  kept  unchanged. 

A  simple  and  inexpensive  heliostat  can  be  made  by  using 
two  mirrors,  one  movable,  to  receive  the  sun's  rays  and  to 
reflect  them  upon  a  second  inclined  mirror,  which  in  turn  re- 
flects them  through  an  aperture  into  the  darkened  room. 


Fig.  245 

The  method  of  constructing  a  heliostat  of  this  form  is  given  in 
detail  in  Mayer  and  Barnard's  book  on  Light. 

Dolbear's  *'  Art  of  Projecting  "  also  gives  directions  for  making  one 
at  a  trifling  cost  that  will  answer  every  purpose. 

This  apparatus  is  of  great  use  in  many  experiments  in  physics. 
The  name  heliostat  is  generally  given  to  the  instrument  when  it  has 
a  clock-work  arrangement  for  moving  the  mirror,  and  porte  lumiei'e 
to  the  simpler  fonn,  where  the  mirror  is  adjusted  by  the  hand. 

392.  Concave  Mirrors.  —  A  Concave  Mirror  is  one  in 
which  the  reflection  takes  place  from  the  concave  side  of  a 
curved  surface. 
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We  shall  consider  the  ease  in  which  the  reflecting  surface  is 
a  segment  of  a  sphere. 

The  following  definitions  apply  equally  to  concave  and  con- 
vex mirrors :  — 

The  middle  point  of  the  mirror  is  called  its  vertex.  The 
centre  of  the  sphere,  of  which  the  mirror  forms  a  pai-t,  is 
called  the  centre  of  curvature.  The  indefinite  straight  line 
through  the  centre  of  cui-vature  and  the  vertex  is  called  the 
principal  axts^  or  sometimes  simply*  the  aaris.  An}'  plane  sec- 
tion through  the  axis  is  called  a  principal  section. 

Thus,  MN  (Fig.  246)  represents  a  principal  section  of  a 
concave  mirror,  A  is  its  vertex,  C  its  centre  of  cuiTature,  and 
-4  Z  its  principal  axis.. 


Fig.  246. 

393.  Principal  Focus  of  a  Concave  Mirror.  —  A 
Focus  is  a  point  at  which  deviated  rays  meet.  If  the  inci- 
dent rays  are  parallel  to  the  axis,  the  focus  is  called  the 
principal  focm.,  as  F ;  and  the  distance  from  the  vertex  to  the 
principal  focus  is  called  the  \mi\di\)^\  focal  distance,  as  FA. 

In  Fig.  246,  H,  G,  and  L  are  rays  parallel  to  the  axis. 
C  A,  C D,  C B,  fm^  CMsLve  perpendicular  to  the  surface  of 
the  mirror,  being  radii.  The  parallel  rays,  B,  G,  and  Z,  are 
reflected  so  as  to  make  the  angles  of  incidence  equal  to  those 
of  reflection,  that  is,  OB  ff  equal  to  CBF,  CDGU>  CDF, 
etc.  It  can  be  shown  that  the  principal  focus  is  on  the 
axis,  and  midway  between  the  veitex  and  centre  of  cuna- 
ture.  We  shall  always  designate  the  principal  focus  by  the 
letter  F. 
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If  the  luminous  point  is  not  situated  on  the  principal  axis  of  the 
mirror,  a  line  drawn  from  this  point  through  the  centre  of  curvature 
will  constitute  a  secondary  aodSj  and  the  focus  of  the  reflected  rays 
will  be  on  this  axis. 

It  is  to  be  observed  that  in  practice  the  surface  of  a  curved  mir- 
ror is  only  a  very  small  part  of  the  surface  of  the  sphere  of  which  it 
forms  a  part. 

Unless  this  be  the  case  we  shall  not  secure  accuracy  of  reflection, 
because  the  rays  reflected  from  the  borders  of  the  mirror  and  those 
from  portions  nearer  the  vertex  will  not  be  brought  exactly  to  the 


Fig.  247. 
same  focus.     The  outer  rays  are  reflected  nearer  to  the  mirror  than 
the  inner  ones.     This  inaccuracy  is  called  spherical  aberration  by 
reflection. 

Parabolic  mirrors  reflect  without  aberration,  and  are  used  where 
intense  light  is  desired  at  a  great  distance,  as  in  the  headlight  of  a 
locomotive. 

Fig.  247  shows  the  manner  of  determining  the  principal  focus  by 
experiment,  making  use  of  a  beam  of  light  coming  from  the  sun.  In 
this  form  the  concave  reflector  may  be  used  to  collect  the  rays  for 
the  purpose  of  developing  a  great  amount  of  heat. 
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394.  Conjugate  Foci. — If  the  rays  of  light  emanate 
from  some  point  of  the  axis  not  infinitely  distant  from  the 
mirror,  they  will  be  brought  to  a  focus  at  some  point  of  the 
axis,  generally  different  from  F.  Thus,  in  Fig.  248,  the  pen- 
cil of  rays  coming  from  the  point  B  is  brought  to  a  focus 
at  3,  between  F  and  O,  Had  the  rays  emanated  from  3,  they 
would  have  been  brought  to  a  focus  at  B.  Theae  points  are 
so  related  as  to  receive  the  name  of  conjugate  foci.  Hence 
we  have  the  following  definition  :  — 


Fig.  248. 

Conjugate  Foci  are  any  two  points  so  related  that  a  pen- 
cil of  light  emanating  from  either  one  is  brought  to  a  focus 
at  the  other. 

That  one  from  which  the  light  actually  proceeds  is  called 
the  radiant ;  thus,  in  Fig.  248,  B  is  the  radiant. 

The  following  are  some  properties  of  conjugate  foci  of  con- 
cave mirrors :  — 

If  the  radiant  is  on  the  axis  and  at  an  infinite  distance 
from  the  mirror,  the  rays  will  be  parallel  and  the  correspond- 
ing focus  is  at  F  (Fig.  246). 

As  the  radiant  approaches  the  mirror,  the  focus  recedes 
from  it. 

If  the  radiant  is  beyond  the  centre  of  curvature,  (7,  the  focus 
is  between  F  and  C. 

If  the  radiant  is  at  C,  the  focus  is  at  C  also. 

If  the  radiant  is  between  C  and  F,  the  focus  is  beyond  (7, 
in  the  direction  C  L. 
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If  the  radiant  is  at  F^  the  focus  is  at  an  infinite  distance ; 
that  is,  the  reflected  ra3's  are  parallel. 

If  the  radiant  is  between  F  and  J,  as  shown  in  Fig.  249, 


Fig.  249. 

the  rajs  are  reflected  so  as  to  diverge,  and  on  being  pro- 
duced backwards,  meet  at  p.  In  this  case  the  focus  is  behind 
the  mirror,  and  is  said  to  be  virtual. 

If  the  radiant  is  at  ^,  the  focus  coincides  with  it. 
If  the  radiant  is  on  a  secondary  axis,  the  pencil  of  ra3's  is 
oblique,  but  it  is  still  brought  to  a  focus  on  that  axis,  and  the 
radiant  and  focus  enjoy  properties  entirely  analogous  to  those 
just  ex[)lained. 


Fig.  250. 

395.  Formation  of  Images  by  Concave  Reflectors.  — ^ 
If  an  object  be  placed  in  front  of  a  concave  mirror,  a  pen- 
cil of  rays  will  proceed  from  eacli  point  of  the  object,  which 
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after  reflection  will  be  brought  to  a  focus,  either  real  or  vir- 
tual. The  collection  of  foci  thus  formed  make  up  the  image 
of  the  object. 

Let  A  B  (Fig.  250)  be  an  object  in  front  of  a  concave  mir- 
ror beyond  the  centre  of  curvature.  All  the  rays  that  diverge 
from  A  will  be  reflected  to  its  conjugate  focus,  a,  which  is  on 
the  secondary  axis,  A  x.     This  point  can  be  found  by  draw- 


Fig.  2ol. 

ing  A  %  parallel  to  the  principal  axis ;  it  will  pass  after  re- 
flection through  F  and  cut  -4  a:  at  a,  the  point  required. 

By  a  similar  process  we  can  find  the  conjugate  focus,  6,  for  the 
point,  B,  or  for  any  other  point  of  the  object.  The  collection  of  foci 
forms  the  image,  a  h. 

After  the  reflected  rays  fonn  the  image,  a  6,  they  come  from  this 
image  to  the  eye,  just  as  if  it  were  a  real  object.  That  the  image  is 
real  may  be  shown  by  throwing  it  on  a  screen  (Fig.  251);  it  will 
also  be  seen  that  the  rays  by  crossing  invert  it. 

The  direction  which  the  rays  assume  after  reflection  makes  the 
image  smaller  than  the  object. 
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As  the  object  approaches  the  mirror,  the  image  recedes  from  it; 
when  the  object  is  at  the  centre  of  curvature,  the  image  will  be  the 
same  size  as  the  object ;  when  it  is  between  the  centre  and  principal 
focus,  the  image  is  larger;  in  both  these  instances  we  shall  find 
the  image  real  and  inverted. 

When  the  object  is  at  the  principal  focus,  there  will  be  no  image, 
since  the  reflected  rays  are  parallel. 

396.  Virtual  Images.  —  When  the  object  is  between  the 
principal  focus  and  the  mirror,  the  image  is  virtual  and  erect, 
and  larger  than  the  object,  or  magnified. 


Fig.  2b2. 


Fig.  352  shows  the  course  of  the  rays  iu  forming  a  virtual  and 
erect  image.  The  face  is  between  the  principal  focus,  Fy  and 
the  mirror.  The  pencils  of  rays  from  a  and  J>  are  reflected  so  as  to 
appear  to  diverge  from  the  virtual  foci,  A  and  JR.  It  is  easily  seen 
that  the  image  is  larger  than  the  object,  by  a  comparison  of  the 
visual  angles  of  both. 

397.  Formation  of  Images  by  Convex  Reflectors. — 
In  convex  mirrors  the  reflection  takes  place  from  the  outer  or 
convex  surface. 

From  what  has  been  said  of  concave  mirrore,  it  will  readily 
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be  seen   how  images  are  formed   by  convex  mirrors.     The 

images  formed  in  this 
case  are  always  virtual, 
always  erect,  and  always 
smaller  than  the  object, 
as  is  shown  in  Fig.  253. 

The   parallel  rays,   A  D 

and  BKy  arc  reflected    as 

When  these  rays  enter  the  eye, 


Fig.  253. 

the  divergent  rays,  ED  and  HK, 
the  image  is  seen  at  a  b. 
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SECTION    III.  —  REFRACTION    OF   LIGHT. LENSES. 

398.  It  was  stated  under  Reflection  of  Lights  that  when 
light  passes  obliquely  from  one  medium  to  another,  it  is  sep- 
arated into  two  parts,  one  of  which  is  driven  back  or  reflected, 
and  remains  in  the  first  medium,  while  the  other  passes  on 
and  enters  the  second  medium.  If  the  substance  that  forms 
the  second  medium  is  opaque,  it  is  absorbed^  but,  if  transparent, 
some  is  absorbed  and  some  transmitted.  The  transmitted 
rays  change  direction  at  the  point  of  incidence.  This  change 
of  direction  is  called  refraction.  Its  amount  depends  on  the 
nature  of  the  media,  and  also  on  the  obliquity  of  incidence. 

If  the  Incident  ra}^  is  perpendicular  to  the  second  medium, 
it  is  not  bent  from  its  course. 

The  cause  of  this  change  of  direction  is  a  change  in  the  elasticity 
and  density  of  the  ether  in  passing  from  one  medium  into  the  other, 
which  causes  a  change  in  the  velocity  of  the  ray.     Thus,  the  density 
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and  elasticity  of  ether  in  water  are  different  from  what  they  arc 
in  the  atmosphere,  so  that  light  travels  considerably  faster  in  the 

latter  medium  than  in  the  former. 
This  censes  a  ray,  on  passing  from  air 
into  water,  to  bend  towards  the  perpen- 
dicular at  the  point  of  incidence,  as 
shown  in  Fig.  254.  Thus,  i  J.  is  bent 
from  its  course  so  as  to  take  the  direction 
A  K.  In  passing  from  water  to  air,  the 
ray  is  bent  away  from  the  perpendicular, 
just  the  reverse  of  what  happens  when 
light  passes  from  air  into  water. 

399.  Definition  of  Terms.  —  The  ray  before  refraction 
is  called  the  incident  ray;  thus,  L  A  (Fig.  254)  is  an  incident 
ray. 

The  point  at  which  the  ray  is  deviated  or  bent  is  called  the 
point  of  incidence  ;  thus,  ^  is  a  point  of  incidence. 

The  ray  after  deviation  is  called  the  refracted  ray ;  thus, 
^  jfiT  is  a  refracted  ray. 

The  angle  that  the  incident  ray  makes  with  the  perpendicu- 
lar at  the  point  of  incidence  is  called  the  angle  of  incidence^ 
and  the  plane  of  this  angle  is  the  plane  of  incidence.  Thus, 
X  ^  -5  is  an  angle  of  incidence,  and  the  plane,  LAB^is  the 
plane  of  incidence. 

The  angle  that  the  refracted  ray  makes  with  the  perpendic- 
ular at  the  point  of  incidence  is  called  the  angle  of  refraction^ 
and  the  plane  of  this  angle  is  the  plane  of  refraction  ;  thus,  the 
angle,  KAG^i^  an  angle  of  refraction,  and  the  plane  of  this 
angle  is  a  plane  of  refraction. 

400.  Refractive  Power  of  Bodies.  —  In  the  case  of 
two  media  through  which  light  is  passing,  that  in  which  the 
ray  makes  the  smaller  angle  with  the  perpendicular  is  said  to 
have  greater  refractive  power  than  the  other. 

As  a  general  rule,  the  incident  ray,  when  passing  obliquely  from 
a  rarer  to  a  denser  medium,  bends  towards  the  perpendicular; 
when  passing  from  a  denser  to  a  rarer,  it  hendsfrom  the  perpen- 
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dictdar ;  ovy  in  other  words^  the  denser  of  two  substances  has  the 
greater  refracting  power, 

Newton  observed  that,  as  a  general  rule,  the  refractive  power 
was  greatest  for  combustible  bodies,  or  bodies  containing  combustible 
elements,  such  as  alcohol,  ether,  oils,  etc.,  which  contain  both  hydro- 
gen and  carbon.  He  found  that  the  diamond  was  more  highly  re- 
fractive than  any  other  body,  and  hence  inferred  that  it  was  a 
combustible  body,  —  an  inference  that  has  since  been  confirmed.  It  is 
to  its  high  refractive  power  that  the  diamond  owes  its  brilliancy  as 
a  jewel.  Gases  are  not  so  highly  refractive  as  liquids,  but  their  re- 
fractive power  may  be  increased  by  compression,  which  augments 
their  density. 

401.  La^vs  of  Refraction. — When  light  passes  from  any 
given  medium  into  another,  no  matter  what  may  be  the  an- 
gle of  incidence,  it  always  conforms  to  the  following  laws  :  — 

1 .  The  planes  of  incidence  and  refraction  coincide^  both  being 
perpendicular  to  the  surface  separating  the  media^  at  the  point  of 
incidence. 

2.  The  sifie  of  the  angle  of  incidence  divided  by  the  sine  of  the 
angle  of  refraction  is  a  constant  quantity  for  the  same  two  media, 
but  varies  for  different  media. 

This  constant  quantit}'  is  called  the  index  of  refraction. 

The  second  law  may  be  illustrated  by  Fig.  255.  Let  I  be  the 
point  of  incidence  on  a  surface 
separating  air  from  water.  With 
/  as  a  centre,  describe  a  circle, 
RP  S,  Let  IR  be  an  incident 
ray,  and  SI  the  refracted  ray. 
Draw  PRf  and  JSP  perpendic- 
ular to  the  line  PP.  Then  will 
these  lines  be  the  sines  of  the 
angles  of  incidence  and  refrac- 
tion, and  we  shall  have  for  the 
index  of  refraction  when  light 
passes  from  air  into  water  the  ra- 
tio | ,  from  air  into  glass,  f .  The 
reciprocals  of  these  fractions  will 


Fig.  255. 
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give  the  indices  of  refraction  when  light  goes  in  the  opposite  direc- 
tion J  thus,  from  water  to  air  it  is  |,  and  from  glass  to  air  |.  These 
fractions  represent  the  relative  indices  of  refraction  for  the  two 
media. 

When  a  ray  passes  from  a  vacuum  into  any  medium,  the  ratio  of 
the  sine  of  the  angle  of  incidence  to  the  sine  of  the  angle  of  refraction 
is  always  greater  than  unity,  and  is  called  the  absolute  index  of  re- 
fraction, or  simply  the  index  of  refraction  for  the  given  medium.  This 
index  is  generally  expressed  decimally.  Thus,  for  ice,  it  is  1.309 ; 
for  alcohol,  1.372 ;  and  so  on. 


Fig.  256. 

402.  Experimental  Proofs  of  Refraction.  —  If  a 
beam  of  light  be  introduced  through  a  hole  in  a  shutter  of  a 
dark  room,  and  allowed  to  fall  upon  the  surface  of  water  in  a 
glass  vessel,  as  shown  in  Fig.  256,  the  bending  of  the  beam 
as  it  enters  the  water  may  be  seen  by  the  e3'e.  The  course 
of  a  ra}^  in  the  air  may  be  rendered  more  apparent  by  filling 
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the  air  with  fine  dust  or  smoke,  as,  for  example,  the  smoke 
from  gunpowder. 

Let  a  piece  of  money  be  placed  at  the  bottom  of  an  empty 
vessel,  and  then  take  a  position  such  that  the  coin  shall  just 
be  hidden  by  the  side  of 
the  vessel.  While  in 
this  position,  if  water  be 
poured  into  the  vessel, 
the  rays  from  the  coin 
will  be  refracted  so  as  to 
render  it  visible.  The 
effect  of  refraction  in  this 
and  similar  cases  is  to 
make  the  bottom  of  the  l^^'g-  257. 

vessel  appear  higher  than  it  is  in  reaUty,  as  shown  in  Fig.  257. 

403.  One  of  the  effects  of  refraction  was  explained  in  the 
last  article.  The  principle  has  numerous  applications.  To 
a  person  standing  on  the  shore,  a  fish  in  the  water  ap- 
pears higher  than  his  real  position.     If  a  stick  be  partially 


Fi?.  258. 

plunged  into  water,  the  portion  immersed  will  be  thrown  up 
by  refraction,  and  the  stick  will  appear  bent,  as  shown  in 
Fig.  258. 

Refraction   has   the  effect  to  make    the   heavenly   bodies 
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appear  higher  than  the}'  are,  and  thereb}'  causes  them  to  rise 
earlier  and  set  later  than  they  would  do  were  there  no  at- 
mosphere. 

This  can  be  seen  by  inspectiug  Fig.  250.  The  layers  of  the  at- 
mosphere are  denser  as  they  are  nearer  the  earth,  and  as  the  refrac- 
tive power  of  a  gas  increases  with  its 
density  the  rays  are  bent  in  a  curved 
line  to  the  eye.  The  heavenly  body, 
Sj  is  seen  in  the  position,  S\  The 
eye  refers  its  position  along  the  hne 
AS\ 

To  understand  the  apparent  changes 
in  position  of  bodies  when  refraction 
takes  place,  we  must  remember  that 
Fig.  269.  ^j^g  object  is  seen  in  the  direction  of 

the  refracted  ray  as  it  enters  the  eye. 

404.  Total  Reflection.  —  Critical  Angle.  —  If  light 
fall  on  a  surface  that  separates  a  medium  from  one  that  is 
less  refractive,  there  is  a  limit  beyond  which  it  will  not  pass 

from  the  first  medium  into  the 
second,  at  that  limit  light  is 
totally  reflected. 

Let  BMC  (Fig.  260)  be  a  glass 
globe  half  full  of  water.  The  ray, 
LAf  being  perpendicular  to  the 
globe,  is  not  refracted  in  entering, 
but  if  the  angle,  CALj  be  small 
enough,  it  is  refracted  at  A,  taking 
the  direction,  A  R.  If  the  angle 
of  incidence  be  increased,  the  an- 
^'^S-  *^60  gie  ^,f  i-efraction   will   also   be   in- 

creased  until  it  becomes  a  right  angle,  or  90°.  The  refracted  ray, 
A  Mj  then  emerges  parallel  to  the  surface  of  the  water.  The  inci- 
dent angle  in  this  case  is  called  the  critical  angle,  since  for  any 
greater  angle,  as  I A  Cj  the  incident  ray  can  no  longer  pass  through 
the  surface,  A  M,  but  is  totally  reflected  and  remains  in  the  first 
medium,  taking  the  direction,  A  r. 
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From  water  to  air  the  critical  augle 
is  48°;^';  from  glass  to  air,  about 
41°. 

405.  Examples  of  Total 
Reflection.  —  The  phenomenon 
of  total  reflection  may  be  shown 
in  various  wajs.  If  a  glass  of 
water  with  a  spoon  in  it  be  held 
above  the  level  of  the  eye,  and 
we  look  up  obliquely  at  the  sur- 
face of  the  water,  the  under  side 
of  the  surface  will  shine  like  a  pol- 
ished miiTor ;  the  lower  portion  of 
the  spoon  will  be  totally  reflected 
in  it,  as  seen  in  Fig.  261. 

Let  a  ray  of  light  (Fig.  262)  faU 
j)erpendicularly  upon  the  side,  A  C,  of 
the  glass  prism,  A  CB]  it  will  form  an  Fig.  26L 

angle  of  45°  with  the  side,  A  B.  This  being  greater  than  the  criti- 
cal angle  of  glass,  the  ray  will  be  totally  reflected  in  the  direction, 
HO. 

The  prism  represented  in  the  figure 
has  the  form  of  a  right-angled  isosceles 
triiingle. 

406.  Mirage  is  an  atmospheric 
phenomenon  dependent  on  extraordi- 
nary refraction  and  total  reflection.  Fig.  262. 

Sometimes  a  layer  of  atmosphere  next  the  earth  becomes  a 
reflector,  and  in  that  case  portions  of  the  earth  appear  to  the 
traveller  like  lakes  and  ponds  ;  such  appearances  are  frequent 
in  desert  countries  when  the  heat  is  intense.  To  heighten 
the  illusion,  trees  are  often  seen  reflected  from  the  sur- 
faces of  these  apparent  ponds.  An  example  of  this  kind  ib 
shown  in  Fig.  263.  The  lasers  of  air  near  the  ground  are 
more  heated  than  those  higher  up,  and  therefore  less  dense. 
The  rays  coming  from  the  top  of  the  tree  on  the  left  of  the 
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picture  are  refracted  as  they  pass  through  the  successive 
strata  until  the^'  are  totally  reflected  at  a,  from  a  lajer  of  the 
atmosphere,  and  reach  the  eye  of  the  observer  at  the  tent. 
The  observer  refers  the  position  of  the  tree-top  backwards 
along  the  direction  of  the  dotted  line,  which  causes  the  tree 
to  appear  inverted.  In  this  case  both  the  tree  and  its  image 
are  seen. 

Images  of  distant  shores  or  ships  are  sometimes  seen  in  the  air 
at  sea.  This  form  of  mirage  is  the  reverse  of  that  just  given.  Here 
the  layers  near  the  water  are  denser  than  those  above. 


Fig.  263. 
The  phenomenon  of   mirage  may  be  shown  in  a  very  simple 
way.     If  we  look  along  the  side  of  a  red-hot  poker  or  a  mass  of 
glowing  charcoal  at  an  object  a  few  feet  off,  we  shall  see  at  a  short 
distance  from  either  an  inverted  image. 
Summary. — 

Befraction  of  Light. 
Explanations. 
Cause  of  Refraction . 
Definition  of  Terms. 
Refractive  Power  of  Bodies. 

Rules  for  the  passage  of  Light  into  Media  of  Different 

Density. 
Comparative  Refractive  Power  of  Different  Bodies. 
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Laws  of  Befraction. 

Illustration  of  the  Second  Law  by  Figure 

Explanation  of  the  Indices  of  Refraction. 
Experimental  Proofs  of  Befraction. 

Beam  of  Light  entering  a  Darkened  Room. 

Rays  of  Light  from  a  Coin  in  Water. 

Rays  of  Light  from  an  Oar  in  Water. 
Effect  of  Befraxition  on  the  Heavenly  Bodies. 
Direction  in  which  the  Object  is  seen  in  Befraction. 
Total  Beflection. 

Illustrated  by  Figure. 

Critical  Angle. 
Examples  of  Total  Beflection. 

With  Spoon  and  Tumbler. 

With  Prism. 

In  Cases  of  Mirage. 

407.  Media  with  Parallel  Faces. — When  a  ray  of 
light,  SAj  Fig.  264,  falls  upon  a  medium  bounded  by  plane 
faces,  as  a  plate  of  glass,  for  example,  it  is  refracted  towards 
the  perpendicular  and  passes  through  the  plate  ;  as  it  emerges 
at  Z),  it  is  refracted  as  much  from  the  perpendicular  as  it  was 
towards  it  in  the  first  instance,  and  the  ray  emerges  in  the 
direction,  J)  B,  parallel  to  *S^^,  but  not  in  the  same  straight 
line  with  it.  The  two  refractions 
do  not  change  the  direction  of 
the  ray,  but  simply  shift  it  slightly 
to  one  side  or  the  other.  Hence, 
in  looking  through  a  window,  we 
do  not  see  the  direction  of  ob- 
jects changed  by  the  intervening 
glass.  Fig.  2()4. 

G  A  and  DE  represent  the  perpendiculars,  ii'  the  angles  of  inci- 
dence, and  r/  the  angles  of  refraction. 

408.  Prisms. — A  Prism  is  a  refractive  medium  bounded 
by  plane  faces  intersecting  each  other. 

Fig.  265  represents  a  prism  mounted  for  optical  experi- 
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ments.    It  consists  of  a  piece  of  glass  with  three  plane  faces, 
meeting  in   parallel  lines  called  edges.      It  is   placed  on  a 

stand  so  that  it  can  be  ele- 
vated or  depressed,  and  it 
also  is  capable  of  being 
turned  around  an  axis 
parallel  to  the  edges,  by 
means  of  a  button  shown 
on  the  left. 

Prisms  produce  upon  light 
which  traverses  them  two 
remarkable  effects:  1st,  a 
considerable  deviation ;  2d, 
a  decomposition  of  light  into 
its  elements. 

These  effects  are  simulta- 
neous ;  but  we  shall  at  pres- 
ent only  consider  the  first 
one,  leaving  the  second  to 
be  studied  hereafter  under 
the  name  of  Dispersion, 


Fig.  265. 


409.   Course  of   Luminous    Rays   in   a  Prism.  —  In 

order  to  follow  the  course  of  a  ray  of  light  in  passing  through 
a  prism,  let  nmo  (Fig.  266)  represent  a  section  of  a  prism 

made  by  a  plane 
perpendicular  to  the 
edges.  A  ray  of 
light,  L  a,  falling 
upon  the  face,  n  w, 
is  refracted  towards 
the  perpendicular, 
and  passes  through 
the  prism  in  the  di- 
F'g-  266.  rection,  a  h  ;  here  it 

falls  upon  the  second  face,  m  0,  and  is  again  refracted,  but 
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this  time  from  the  perpendicular,  and  emerging  into  the  air, 
takes  the  direction,  be.  An  eye  situated  at  c  refers  the  ob- 
ject, Z,  backwards  along  the  ray,  c  ^,  so  that  it  appears  to  be 
situated  at  r.  The  total  deviation  is  the  angle  between  its 
oiiginal  direction,  Za,  and  its  final  direction,  cr. 

We  see  from  the  figure  that  the  ray  is  bent  from  the  edge  in 
which  the  refracting  faces  meet;  that  is,  it  is  bent  towards  the  thick 
part  of  the  prism ;  this  deviation  has  the  effect  to  make  the  object 
appear  as  though  thrown  towards  that  edge.  The  angle,  n  m  o,  is 
called  the  refracting  angle  of  the  prism. 

410.  Lenses.  —  A  Lens  is  a  refracting  medium,  bounded 
by  curved  surfaces,  or  bj'  one  curved  and  one  plane  surface. 

Lenses  are  usually  made  of  glass,  and  are  bounded  by 
spherical  surfaces,  or  by  one  spherical  and  one  plane  surface. 
The  surfaces  are  made  spherical,  because  they  are  more  easily 
wrought  by  the  glass-grinder. 


Fig.  267.  Fig.  268. 

411.  Classification  of  Lenses.  —  Lenses  are  divided 
into  six  classes,  according  to  the  nature  and  position  of  the 
bounding  surfaces,  sections  of  which  are  shown  in  Figs.  267 
and  268. 

The  first  three,  represented  in  Fig.  267,  are  thicker  in  the 
middle  than  at  their  edges.  These  converge  or  coUect  rajs  of 
light,  and  are  called  convergent  lenses. 

The  last  three  are  thinner  in  the  middle  than  at  their  edges. 
These  diverge  or  scatter  rays  of  light,  and  are  called  divergeni 
lenses. 

1 .  The  double-convex  lens,  M^  bounded  by  two  convex  sur- 
faces ;  2.  The  plano-convex  lens,  N^  bounded  by  one  convex 
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and  one  plane  surface ;  3.  The  meniscus,  O,  bounded  by  one 
concave  and  one  convex  surface,  the  c*oncave  surface  being 
the  least  curved;  4.  The doiible^concave  lens,  P,  bounded  by 
two  concave  surfaces  ;  5.  The  plano-concave  lens,  Q^  bounded 
by  one  concave  and  one  plane  surface ;  6.  The  concavo-convex 
lens,  i?,  bounded  by  one  concave  and  one  convex  surface,  the 
concave  surface  being  the  most  curved. 

In  studying  the  effect  of  these  lenses,  it  will  be  sufficient  to  con- 
sider the  double-convex  and  the  double- concave  lenses  as  specimens  of 
the  classes  to  which  they  belong,  the  former  representing  the  conver- 
gentj  and  the  latter  the  divergent  classes. 

412.  Definition  of  Terms.  — The  centres  of  the  bound- 
ing surfaces  of  a  lens  are  called  Centres  of  Curvature  ;  thus,  in 
Fig.  269,  c  and  (7  are  centres  of  curvature. 


Fig.  269. 

In  the  double  convex  lens  the  centre  of  curvature  of  each  surface 
is  on  the  opposite  side  of  the  lens ;  in  the  double-concave  lens  the 
reverse  is  the  case.  In  the  meniscus  and  the  concavo-convex  lens 
both  centres  are  on  the  same  side  of  the  lens.  In  the  plano-convex 
and  the  plano-concave  lens  the  centre  of  curvature  of  the  plane  sur- 
fa<^  is  at  an  infinite  distance,  and  in  a  perpendicular  to  the  plane 
surface  at  its  middle  point. 

The  straight  line  through  the  centres  of  curvature  is  called 
the  axis  of  the  lens  ;  thus,  in  Fig.  269,  XT\%  the  axis. 

It  is  demonstrated  in  higher  optics,  that  there  is  alwaj'S 
one  point  on  the  axis  of  a  lens,  such  that  the  raj's  of  light 
passing  through  it  are  not  deviated  b}'  the  lens.     This  point 
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is  called  the  optical  centre^  and  is  of  much  use  in  the  construc- 
tion of  images. 

In  practice  it  is  usual  to  make  the  surfaces  which  bound 
double-convex  and  double-concave  lenses  equally  curved. 

When  this  is  the  case,  as  we  shall  suppose  in  what  follows, 
the  optical  centre  is  on  the  axis,  and  midway  between  the 
two  surfaces  of  the  lens  ;  thus,  in  Fig.  269,  0  is  the  optical 
centre,  and  any  ray,  UK,  passing  through  it,  is  not  deviated 
by  the  lens. 

To  find  a  normal  at  any  point  of  the  surface  of  a  lens,  we  draw  a 
line  from  that  point  to  the  corresponding  centre  of  curvature ;  thus, 
m  C  and  n  c  are  normals  at  the  points  m  and  n, 

413.  Action  of  Convex  Lenses  on  Light. — When  a  ray 
of  light  falls  upon  one  surface  of  a  double-convex  lens,  it  is 
refracted  towards  the  normal,  passes  through  the  lens,  is  again 
incident  upon  the  second  surface,  and  is  refracted  from  the 
normal.  This  action  is  entirely  analogous  to  that  of  a  prism, 
the  deviation  being  towards  the  thicker  portion  in  both  cases. 
In  fact,  if  we  suppose  planes  to  be  drawn  tangent  to  the  sur- 
faces at  the  points  of  incidence  and  emergence,  they  may  be 
regarded  as  the  faces  of  a  prism  through  which  the  ray 
passes. 


Fig.  270. 

414.  Principal  Focus.  — If  a  beam  of  light  parallel  to 
the  axis  falls  upon  a  lens,  it  will  be  collected  by  refraction  in 
a  single  point.  This  point  is  called  the  principal  focus^  and 
its  distance  from  the  lens  is  called  the  principal  focal 
distance. 
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The  course  of  the  rays  is  indicated  in  Fig.  270,  in  which 
the  rays  parallel  to  O-X"  are  brought  to  a  focus  at  F.  Here 
F  is  the  principal  focus. 

Since  the  rays  that  pass  through  the  edge  of  a  spherical  lens  are 
refracted  more  than  those  passing  nearer  the  centre,  they  cannot  he 
brought  accurately  to  the  same  focus,  except  in  the  case  in  which  the 
surface  of  the  lens  is  small,  when  compared  with  that  of  the  whole 
sphere  of  which  it  forms  part.  This  scattering  of  the  rays  from  a 
focus  is  called  spherical  aberration  by  refraction.  It  is  remedied  in 
practice  by  covering  up  a  part  of  the  surface  on  which  light  falls,  by 
a  paper  cover  with  an  aperture  in  its  centre. 

Had  the  rays  fiillen  upon  the  other  side  of  the  lens,  they  would 
have  been  brought  to  a  focus  as  far  to  the  right  of  the  lens  as  ^  is  to 
the  left  of  it. 

Fig.  271. 


Fig.  272. 

415.  Conjugate  Foci  are  any  two  points  so  situated  on 
the  axis  of  a  lens  that  a  pencil  of  light  coming  from  one  is 
brought  to  a  focus  at  the  other.  That  from  which  the  light 
actually  comes  is  called  the  radiant. 

In  Fig.  271  a  pencil  of  rays  coming  from  L  is  brought  to  a 
focus  at  I ;  had  the  light  come  from  /,  it  would  have  been 
brought  to  a  focus  at  Z ;  Z  and  I  are  conjugate  foci,  and  in 
the  case  figured,  L  is  the  radiant. 

When  the  radiant  is  at  an  infinite  distance,  the  ravs  are 
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parallel,  and  the  corresponding  focus  is  at  F;  this  is  the 
principal  focus.  As  we  have  already  seen,  there  are  two  such 
foci,  one  on  each  side  of  the  lens.  It  will  be  suflScient  for  our 
purpose  to  suppose  the  light  to  come  from  the  right,  in  which 
case  the  principal  focus  is  on  the  left,  at  F. 

When  the  radiant  is  an^'where  on  the  axis  at  a  greater  dis- 
tance than  the  principal  focal  distance,  the  corresponding 
focus  will  also  be  at  a  greater  distance  from  the  lens  than  the 
principal  focal  distance,  as  shown  in  Fig.  271. 

If  the  radiant  approach  the  lens,  the  corresponding  focus 
will  recede  from  it,  as  is  shown  in  Fig.  272. 

If  the  radiant  is  at  the  principal  focal  distance,  the  re- 


Fig.  274. 

fracted  rays  will  be  parallel ;  that  is,  the  corresponding  focus 
will  be  at  an  infinite  dii&tance,  as  is  shown  in  the  upper  dia- 
gram (Fig.  273) . 

If  the  radiant  is  still  nearer  the  lens,  the  rays  will  diverge 
after  deviation,  and  will  only  meet  the  axis  on  being  produced 
backwards,  in  which  case  the  focus  is  virtual ^  ajs  is  shown  in 
the  lower  diagram  (Fig.  274).  In  this  diagram  L  is  the 
radiant,  and  /  the  virtual  focus. 

Thiis  far  we  have  supposed  the  radiant  to  be  situated  on 

Digitized  by  VjOOQIC 


352  OPTICS, 

the  principal  axis ;  if  it  is  on  any  line  through  the  optical  cen- 
tre not  much  inclined  to  the  axis,  the  corresponding  focas 
will  be  on  that  line,  and  the  laws  which  regulate  the  posi- 
tions of  conjugate  foci,  already  considered,  will  be  applicable. 
Such  a  line  is  called  a  secondary  axis. 

The  principles  just  illustrated  are  of  use  in  the  discussion 
of  images  formed  by  lenses. 

416.  Formation  of  Images  by  Convex  Lenses. — 
If  an  object  l)e  placed  in  front  of  a  lens,  each  point  of  it 
may  be  regarded  as  a  radiant  sending  out  a  pencil  of  rays. 
Each  pencil  is  brought  to  a  focus  somewhere  behind  the  lens. 
The  assemblage  of  these  foci  makes  up  a  picture  of  the  object, 
which  is  called  its  image.     When  the  object  is  at  a  greater 


Fig..  275. 

distance  from  the  lens  than  the  principal  focal  distance,  the 
image  will  be  real  and  inverted. 

The  course  of  the  rays  is  shown  in  Fig.  275.  The  image 
is  real,  as  may  be  shown  by  throwing  it  upon  a  screen ;  so 
long  as  the  image  is  real  it  is  inverted,  as  may  be  seen  by 
allowing  it  to  fall  upon  a  screen^  or  it  may  otherwise  be 
shown  fmm  the  fact  that  the  axis  of  each  pencil  passes 
through  the  optical  centre  ;  hence  the  image  of  each  point  is 
on  the  opposite  side  of  the  axis  from  the  point. 

With  respect  to  the  size  of  the  image  in  this  case,  it  may 
be  either  greater  or  smaller  than  the  object.  When  the  ob- 
ject is  farther  from  the  lens  than  twice  the  principal  focal  dis- 
tance, the  image  is  smaller  than  the  object ;  when  the  object 
is  at  twice  the  focal  distance,  the  image  is  of  the  same  size 
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as  the  object;  when  the  distance  is  less  than  twice  the 
principal  focal  distance,  and  greater  than  the  principal  focal 
distance,  the  image  is  greater  than  the  object. 

These  principles  may  be  shown  experimentally  as  follows  :  — 
Let  a  convex  lens  be  placed  in  a  dark  room,  and  suppose  its  prin- 
cipal focal  distance  to  have  been  detennined  by  means  of  a  beam  of 
solar  rays.     Let  a  candle  be  placed  in  front  of  the  lens,  and  a  screen 
behind  it  to  receive  its  image,  as  shown  in  Fig.  276. 


Fig.  276. 


When  the  distance  of  the  candle  from  the  lens  is  more  than  twic^ 
the  principal  focal  distance,  its  image  will  be  less  than  the  object  j 
and  the  more  remote  the  candle  the  less  will  be  its  image. 

If  the  candle  be  moved  towards  the  lens,  its  image  will  grow 
larger,  nntil,  at  twice  the  principal  focal  distance,  the  size  of  the 
image  and  object  will  be  equal. 

If  the  candle  be  moved  still  nearer,  the  size  of  the  image  will  be 
increased ;  that  is,  it  will  become  greater  than  tlie  object,  as  is  shown 
in  Fig.  277. 
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If  the  distance  of  the  object  does  not  become  smaller  than  the 
principal  focal  distance,  the  imago  will  be  inverted,  as  is  shown  in 
Figs.  276  and  277. 

If  the  object  approach  still  nearer  the  lens,  that  is,  if  its  distance 
becomes  less  than  the  principal  focal  distance,  the  image  will  in- 
crease, it  will  become  erect,  and  furthermore  it  will  be  virtual.  The 
course  of  the  rays  in  this  case  is  shown  in  Fig,  278.  Hereui^is  the 
object,  and  o&  is  its  image,  which  can  only  be  seen  by  looking 
through  the  lens. 


Fig.  277. 

In  this  case  the  lens  becomes  what  is  called  a  single  microscope. 
When  the  object  is  at  the  principal  focal  distance  from  the  lens, 
the  image  is  infinite  ;  that  is,  it  disappears. 

The  phenomena  just  described  may  be  observed  by  looking  through 
a  convex  lens  at  the  letters  on  a  printed  page.  When  the  letters  are 
at  a  short  distance  from  the  lens,  they  are  magnified  and  erect ;  on 
removing  the  lens  fiirther  from  the  page,  they  disappear  at  the  princi- 
pal focal  distance,  and  finally  reappear  inverted  and  diminished  in  size. 
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417.  Formation  of  Images  by  Concave  Lenses. — 
Concave  lenses,  being  thinner  in  the  middle  than  at  the  edges, 
have  the  effect  to  diverge  parallel  rays.  If  the  rays  are  already 
divergent,  these  lenses  make  them  still  more  so. 


Tig.  278. 

This  is  shown  in  Fig.  279,  in  which  a  pencil  of  rays,  cx)ming  from 
the  radiant,  X,  is  made  to  diverge,  as  though  they  proceeded  from 
a  point,  Ij  nearer  the  lens.  This  point,  l,  is  the  virtual  focus,  corre- 
sponding to  the  radiant,  X.  To  an  eye  situated  on  the  left  of  the 
lens,  the  light,  X,  appears  to  be  situated  at  L 


Fig.  279. 

From  what  has  been  said,  it  is  plain  that  the  images 
fonned  by  concave  lenses  are  virtual.  They  are  also  erect, 
as  in  Fig.  279. 

The  course  of  the  raj's,  in  forming  an  image  in  the  case  of 
a  concave  lens,  is  shown  in  Fig.  280.  In  that  figure  AB 
represents  the  object.  A  pencil  of  rays,  coming  from  A^  is 
deviated  so  as  to  appear  to  come  from  a,  situated  on  a  line 
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drawn  from  A  to  the  optical  centre  of  the  lens,  0.  A  pencil, 
coming  from  J5,  is  deviated  so  as  to  appear  to  come  from  6, 
on  the  line  Bo,  Hence  a 6  is  the  image  of  the  object,  AB^ 
and  is,  as  we  see,  smaller  than  the  object,  being  nearer  the 
optical  centre,  and  furthermore  it  is  erect. 

418.  Burning-Glasses.  —  Rays  of  heat  are  subject  to 
the  sama  laws  of  reflection  and  refraction  as  rays  of  light. 
When  a  beam  of  solar  light  falls  upon  a  convex  lens,  there 
is  not  only  a  concentration  of  light  at  the  focus,  but  of  heat 
also. 


Fig.  280. 

The  heat  concentrated  is  so  great  as  to  inflame  combustible  bodies, 
such  as  paper,  cloth,  wood,  and  the  like.  In  the  case  of  large  lenses 
the  heat  becomes  sufficiently  powerful  to  fuse  metals.  This  prop- 
erty of  lenses  has  been  used  to  procure  fire  ;  the  lens  in  this  case  is 
called  a  turning -glass.  Lenses  carelessly  exposed  may  sometimes 
cause  dangerous  results,  by  setting  fire  to  inflammable  materials. 
This  effect  may  result  from  spherical  vessels  of  glass  filled  with  wa- 
ter, which  possess  all  the  properties  of  lenses. 

419.  Lighthouse  Lenses.  —  Parabolic  mirrors  were 
formerly  used  in  lighthouses.     These,  however,  soon  became 
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tarnished  by  the  influence  of  sea-fogs,  and  have  been  sup- 
planted by  plano-convex  lenses.  In  the  case  of  reflectors, 
the  lamp  itself  cuts  off  considerable  light.  In  the  principal 
foci  of  the  lenses  powerful  lamps  are  placed  so  that  the  emer- 
gent rays  form  a  parallel  beam,  which  enables  the  light  to  be 
seen  at  a  distance  of  many  miles.  • 

The  difficulty  of  constructiDg  large  plano-eonvex  lenses,  together 
with  their  great  absorption  of  light,  led  finally  to  the  adoption  of  a 
particular  system  of  lenses,  known  as  Schelon  lenses. 


Fig.  281 


Fig.  282. 


Fig.  281  shows  a  front  view,  and  Fig.  282  a  section  or  profile  of 
an  Echelon  lens. 

A  lens  of  this  kind  consists  of  a  plano-convex  lens,  A,  about  a  foot 
in  diameter,  around  which  are  disposed  several  annular  lenses,  which 
are  also  plano-convex,  and  whose  curvature  is  so  calculated  that  each 
one  shall  have  the  same  principal  focus  as  the  central  lens,  A. 

A  lamp,  L,  being  placed  at  the  principal  focus  of  this  refracting 
system,  as  shown  in  Fig.  282,  the  light  emanating  from  it  is  refracted 
into  an  immense  beam,  B  Cj  of  parallel  rays. 

Besides  this  refracting  system,  several  ranges  of  reflectors,  mn,|are 
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80  disposed  as  to  reflect  such  light  as  would  otherwise  be  lost,  to  in« 
crease  the  beam  of  light  formed  by  reiraction. 

In  order  that  all  the  points  of  the  horizon  may  be  illuminated,  a 
system  of  these  lenses  is  made  to  revolve  on  a  vertical  axis  by  clock- 
work. 

In  consequence  of  this  rotation,  an  observer  at  any  point  will  see 
flashes  of  light  and  intervals  of  darkness  following  each  other  alter- 
nately. By  suitably  regulating  the  number  of  revolutions  in  any 
given  time,  different  lighthouses  may  be  distinguished  from  each 
other.  These  alternations  also  sei*ve  to  distinguish  lighthouses  from 
a  star  or  accidental  Are. 

The  electric  light  is  used  at  the  present  time  to  some  extent  in 
lighthouses,  the  electricity  being  generated  by  magneto-electric  ma- 
chines operated  by  steam. 
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SECTION  IV.  —  DECOMPOSITION  OP  LIGHT.  —  COLORS  OP  BODIES. 

420.  Solar  Spectrum.  —  If  a  beam  of  sunlight  pass 
through  a  prism,  it  is  bent  from  its  course  and  at  the  same 
time  is  spread  out  into  a  brilliantly  colored  band  called  the 
solar  spectrum.  The  spreading  of  the  rays  is  called  disper- 
sion; it  is  caused  by  unequal  refrangibility  of  the  different 
colored  rays.  The  angular  dispersion  of  rays  is  different  for 
different  media. 


Fig.  288. 

The  method  of  forming  a  sj)ectrum  is  shown  in  Fig.  283.  The 
Warn  of  light  that  enters  a  hole  in  the  shutter  of  a  darkened  room 
falls  on  a  prism  whose  refracting  edge  is  turned  downward ;  the 
whole  beam  is  ben^  upward,  and  at  the  same  time  its  elements  are 
dispersed  so  as  to  form  the  elongated  spectrum  seen  on  the  screen. 

When  a  liquid  is  used  it  is  enclosed  in  a  hollow  glass  prism.        t 
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If  the  beam  of  light  were  unobstructed  iu  its  course,  it  would  fall 
upon  the  floor  at  K,  forming  a  circular  spot  of  white  light.  In  order 
to  have  the  colors  distinct,  the  opening  through  which  the  light  enters 
should  be  very  narrow.  The  refracting  angle  of  the  prism  is  usually 
60°. 

This  spectrum  consists  of  almost  an  infinite  number  of  rays  of 
different  tints,  but  it  is  customary  to  consider  only  seven,  and  these 
are  called  primary  colors.  These,  in  the  order  of  least  refrangibility, 
are  as  follows  :  red,  at  r  ;  orange,  at  o  ;  yellow,  at  y  ;  green,  at  g  ; 
Hue,  at  6  /  indigo,  at  i  ;  and  violet,  at  v. 

If  a  colored  ray  of  the  spectrum  pass  through  a  hole  in  a  screen, 
and  then  fall  on  a  second  prism,  it  is  deviated  as  before,  but  there  js 
no  further  change  of  color ;  hence  the  colors  of  the  spectrum  are 
said  to  be  simple. 

The  wave-lengths  corresponding  to  different  colored  rays  have 
been  measured,  and  it  is  found  that  for  red  rays  they  are  about  ^^^^5 
of  an  inch  each,  and  for  violet  rays  no  more  than  fy^^nr  ^^  *"  inch. 
The  ether  waves,  then,  gradually  diminish  in  length  from  the  red  to 
the  violet.  The  phenomena  of  dispersion  indicate  that  shorter  waves 
are  more  retarded  than  longer  ones  in  passing  through  a  medium  ; 
hence  the  rays  at  the  red  end  of  the  spectrum  are  least  refracted,  and 
those  at  the  violet  end  are  most  refracted. 

Color  in  light  corresponds  to  pitch  in  sound.  The  colors  near  the 
red  end  of  the  spectrum  correspond  to  the  graver  sounds,  and  those 
near  the  violet  end  to  the  more  acute  sounds.  The  waves  of  the 
extreme  violet  end  of  the  spectrum  strike  the  retina  with  double  the 
rapidity  of  the  red.  While,  therefore,  the  range  of  audible  sounds 
is  nearly  eleven  octaves,  the  range  of  visible  colors  is  scarcely  one 
ONCtave. 

421.  Recomposition  of  Light.  —  That  white  solar  light 
is  composed  of  rays  of  different  colors  can  be  proved  in  an- 
other way.  When  we  recom- 
bine  the  colors  of  the  spectrum 
white  light  will  be  reproduced. 
This  can  be  done  in  several 
ways. 

Fjg'  284.  1.  If  it  be  acted  on  by  a  sec- 

ond prism  exactly  like  the    first,  with  its    refracting  edge 
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Fig.  286. 
colorless    image    pro- 


tnrned  in  the  opposite  direction,  it  will  be  recomposed  and 
will  emerge  as  white  light  (Fig.  284). 

This  amounts  to  nothing  more  than  passing  light  through  a 
medium  hounded  hy  parallel  plane  faces. 

2.  If  it  be  received  on  a  dottble-convex  lens,  as  shown  in 
Fig.  285,  it  will  be  recomposed, 
and  an  image  will  be  formed 
free  from  color. 

3.  If   the  decomposed   light 
be   received    upon    a    concave 
mirror   (Fig.   286),    it  will  in 
like  manner  be  recomposed  and 
dnced. 

4.  If  a  circular  disk  of  cardboard  be  painted  as  shown 
in  Fig.  287,  in  sectors,  the  colors 
being  distributed  according  to' 
intensity  and  tint,  as  in  the  spec- 
trum, it  will  be  found,  on  rotating 
the  disk  rapidly  by  a  piece  of 
mechanism  shown  in  Fig.  287,  Fig.  286. 

that  the  separate  colors  blend  into  a  single  one,  which  is 
a  grayish  white. 

The  color  from  any  sector  produces  upon  the  eye  an  impression 
that  lasts  for  an  appreciahle  length  of  time.  In  the  experiment  the 
rotation  is  so  rapid  that  the  impressions  from  all  the  colors  coexist 
at  the  same  instant,  and  the  effect  is  the  same  as  though  the  colors 
were  mixed. 

That  the  impression  produced  by  light  lasts  for  an  appreciahle 
length  of  time  may  be  shown  hy  whirling  a  lighted  stick  round  in 
a  circle;  it  will  present  the  appearance  of  a  continuous  circle  of 
fire. 

422.  Color  of  Bodies.  —  The  natural  color  of  bodies  is 
due  to  the  fact  that  some  of  the  colored  rays  in  white  light 
are  absorbed  when  the  light  enters  them.  If  the  unabsorbed 
portion  is  transmitted,  the  body  is  colored  and  transparent; 
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if  reflected,  it  is  colored  and  opaque.     In  both  cases  the 
light  that  is  not  absorbed  gives  the  color. 

K  a  body  absorbs  all  the  colors,  it  is  black ;  if  it  reflects  or 
transmits  all,  it  is  white  or  colorless.  A  body  appears  red 
when  it  absorbs  all  the  colors  except  the  red,  jellow  when  it 
absorbs  all  but  the  yellow^  etc. 


Fig.  287. 

Water  whefii  seen  in  masses  by  transmitted  light  appears  of  a 
greenish  hue.  Air  appears  blue ;  hence  the  color  of  the  sky.  As 
we  ascend,  the  mass  above  ns  becomes  smaller  and  loses  its  blue 
tint.  It  is  probable  that  the  bluish  tint  of  the  heavens  is  also  in  a 
measure  due  to  reflection  from  the  aerial  molecules.  At  sunrise  and 
sunset,  the  rays  of  the  sun  have  to  traverse  a  great  body  of  the 
atmosphere,  which  absorbs  most  of  the  rays  except  the  red  ones. 
Hence  it  is  that  the  sun  appears  red  at  sunrise  and  sunset. 
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Some  bodies  transmit  a  color  different  from  that  which  they 
reflect.  Thus,  gold  appears  yellow  by  reflected  light  and  green  by 
light  transmitted  through  the  leaf. 

423.  Complementary  Colors. — Newton  calls  two  colors 
complementary  when  by  their  mixture  they  produce  white. 

If  all  the  rays  of  the  spectrum  except  the  red  ones  be  re- 
composed  by  a  convex  lens,  a  greenish  blue  color  will  result ; 
hence  red  and  greenish  blue  are  complementary.  In  like 
manner  it  may  be  shown  that  Prussian  blue  and  orange  are 
complementary,  as  are  also  A'iolet  and  greenish  yellow,  and 
yellow  and  indigo  blue. 

424.  Subjective  Colors. — If  a  wafer  upon  a  black  ground 
be  viewed  intently  for  some  time,  until  the  nerve  of  the  ej^e 
becomes  fatigued,  and  the  eye  be  then  directed  to  a  sheet  of 
white  paper,  an  image  of  the  wafer  will  be  seen  upon  the 
paper,  whose  color  is  complementary  to  that  of  the  wafer. 
Thus,  if  the  wafer  is  red,  the  image  will  be  green ;  if  the 
wafer  is  orange,  the  image  will  be  blue ;  and  so  on. 

If  the  setting  sun,  which  is  red,  be  viewed  for  some  time, 
and  then  the  eyes  be  directed  to  a  white  wall,  a  green  image 
of  the  sun  will  be  seen,  which  will  last  for  some  moments, 
when  a  red  image  will  appear ;  a  second  green  image  suc- 
ceeds it,  and  so  on  tiU  the  effect  entirely  ceases. 

K  we  look  for  some  time  at  a  colored  object  on  a  white  ground, 
we  shall  finally  observe  the  object  surrounded  by  a  fringe,  whoso 
color  is  complementary  to  that  of  the  body ;  thus,  if  a  red  wafer  be 
placed  upon  a  sheet  of  white  paper,  the  fringe  wiU  be  green. 

Shadows  cast  upon  a  wall  by  the  rising  or  setting  sun  are  tinged 
green,  the  tint  of  the  sun  being  red  at  that  time. 

If  we  examine  several  pieces  of  cloth  of  the  same  color,  the  eye 
becomes  wearied,  and  in  consequence  of  the  accidental  complemen- 
tary color  being  formed,  the  last  pieces  examined  appear  of  a  difierent 
shade  from  those  first  viewed. 

Tyndall  explains  these  phenomena  as  follows  :  the  eye,  by  looking 
at  one  color,  the  red  wafer  for  instance,  for  some  tune,  is  rendered  less 
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sensitiye  to  that  color,  in  fact  partially  blinded  to  its  perception; 
hence,  when  the  wafer  is  removed,  the  white  light,  fBdling  upon  the 
spot  of  the  retina  on  which  the  image  of  the  wafer  rested,  will  have 
its  red  constituent  virtually  removed,  and  will  therefore  appear  gI  the 
complementary  color.  Colors  of  this  kind  are  called  suit^jwtke  coHorSj 
since  they  depend  upon  the  condition  of  the  eye. 

425.  Fraunhofer's  Lines. — The  solar  spectram  is  not 
continuous;  rays  corresponding  to  certain  degrees  of 
refrangibility  are  wanting ;  hence  it  is  crossed  at  intervals 
by  dark  lines.  These  are  seen  to  best  advantage  in  a 
spectrum  formed  by  passing  a  beam  of  sunlight  through  a 
narrow  slit,  and  then  decomposing  it  by  a  prism  whose 
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Fig.  288. 

edges  are  parallel  to  the  slit.  The  prism  should  be  of  flint 
glass  and  free  from  flaws.  If  the  slit  be  wide  the  colors 
will  overlap  one  another,  but  in  a  pure  spectrum  this  must 
not  be.  A  pure  spectrum  is  obtained  by  making  the  slit 
very  narrow. 

The  dark  lines  of  the  solar  spectrum  were  noticed  by 
WoLLASTON  as  early  as  1802,  but  they  were  first  studied  and 
mapped  by  Fraunhoper  in  1814 ;  from  that  fact  they  have 
been  called  Fraunhofer's  lines. 

Fraunhofer's  chart  contains  between  five  and  six  hundred  lines 
irregularly  distributed.  In  it  the  most  prominent  lines  are  designated 
by  letters,  and  these  serve  as  points  of  comparison  to  which  others 
may  be  referred.  The  line  marked  A  (Fig.  288)  is  at  the  beginning, 
and  B  is  near  the  middle  of  the  red  space  ;  C  is  a  well-marked  line 
near  the  boundary  of  the  red  and  orange ;  D  is  found  in  the  orange ; 
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E,  Id  the  yellow ;  and  F,  G,  and  H  are  well-marked  lines,  F  being 
in  the  green,  G  in  the  indigo,  and  H  in  the  violet. 

Fraunhofer  counted  nine  lines  between  B  and  C  ;  thirty  between 
C  and  D,  eighty-four  between  D  and  Ej  seventy-five  between  E 
and  F,  one  hundred  and  eighty-five  between  F  and  Gy  and  one  hundred 
and  ninety  between  G  and  H.  Recent  observations  have  increased 
the  number  of  dark  lines  till  they  are  now  counted  by  thousands. 


Fig.  289. 

Fraunhofer  found  the  spectra  of  the  fixed  stars  to  be  crossed  by 
dark  lines,  but  the  lines  are  differently  arranged  in  the  different  stars, 
and  in  none  are  they  arranged  as  in  the  solar  spectrum.  The 
spectra  of  the  moon  and  planets  whose  light  is  reflected  from  the  sun 
give  the  same  lines  as  those  of  the  sun.  Recently  the  range  of 
observation  has  been  vastly  increased,  and  on  the  results  of  these 
examinations  a  new  branch  of  science  has  been  founded,  called 
spectrum  analysis. 

426.  The  Spectroscope. —  The  instrument  used  for  form- 
ing and  examining  the  spectra  of  bodies  is  called  a.  spectroscope 
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(Fig.  289).  It  usually  consists  of  three  parts :  a  coUimcUor^ 
B]  a  prism,  -P,  or  a  train  of  prisms;  and  a  telescope  ^  A. 

The  collimator  is  used  to  form  a  thin  heam  of  pamllel  rays,  com- 
ing from  the  flame,  Gj  of  a  Bunsen  homer,  and  consists  of  a  narrow 
slit  and  a  douhle-convex  lens;  the  slit  is  formed  hy  two  jaws  of 
metal  that  can  he  moved  to  and  from  each  other,  so  as  to  give  as 
narrow  an  opening  as  may  he  desired ;  the  lens  is  behind  the  slit, 
and  at  a  distance  from  it  equal  to  its  principal  focal  distance ;  hence 
it  renders  the  rays  that  pass  through  it  parallel  to  each  other.  The 
train  of  prisms  serves  to  disperse  the  light ;  it  consists  of  any  num- 
her  of  prisms,  having  their  edses  parallel  to  the  slit,  and  so  placed 
that  the  light  shall  pass  through  them  all  in  succession.  The 
telescope  is  used  to  view  the  spectrum  formed. 

The  tuhe,  0,  contains  a  graduated  scale,  an  image  of  which  is 
thrown  upon  the  prism  and  reflected  into  the  telescope  when  a  light 
is  placed  in  front  of  the  tuhe.  The  ohserver  can  thus  measure  the 
relative  distances  of  the  lines  of  the  spectrum. 

The  suhstance  whose  spectrum  we  wish  to  examine  is  volatilized 
in  the  flame  at  G,  Instead  of  the  flame  of  the  humer  we  can  make 
use  of  a  heam  of  light  reflected  from  the  heliostat. 

427.  Spectrum  Analysis.  —  Explanation  of  Fraun- 
hofer's  Lines.  —  Metals  and  their  compounds  impart  char- 
acteristic colors  to  flames :  thus,  sodium  and  its  compounds 
impart  a  yellow  color  to  a  Bunsen  burner ;  the  compounds  of 
copper  render  it  green,  the  compounds  of  zinc  make  it  purple, 
and  the  compounds  of  strontian  give  it  a  red  color.  These 
colors  are  due  to  the  vapors  of  the  corresponding  substances, 
and  are  peculiar  to  those  vapors.  If  these  or  any  other  in- 
candescent vapors  be  examined  with  the  spectroscope,  their 
spectra  are  found  to  consist  of  bright  bands,  each  correspond- 
ing to  a  definite  degree  of  refrangibility.  The  number,  color, 
jand  position  of  the  bands  in  every  case  are  perfectly  charac- 
teristic, and  always  serve  to  identify  the  body  producing  the 
spectrum.  This  mode  of  determining  the  presence  of  bodies 
is  called  spectrum  analysis. 

If  two  or  more  metals  he  vaporized  in  the  flame  at  the  same  time, 
the  hands  peculiar  to  each  are  formed  as  though  the  others  did  not 
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exist.  If  a  mineral  substance  containing  many  different  metals  be 
volatilized,  the  spectrum  will  show  the  bands  characteristic  of  each. 
Bunsen  and  Kirchoff  discovered  the  new  metals  Rubidium  and  Cae- 
sium, by  means  of  bands  shown  by  the  spectroscope,  which  differed 
from  those  of  all  the  metals  previously  known ;  and  in  like  manner 
Mr.  Crookes  discovered  the  new  metal  Thallium. 

The  method  of  spectrum  analysis  is  exceedingly  delicate;  the 
presence  of  the  minutest  portion  of  any  substance  in  the  form  of  in- 
candescent vapor  is  instantly  made  manifest  by  its  characteristic 
lines  in  the  spectrum. 

It  has  been  shown  that  an  incandescent  solid  or  liquid 
gives  a  continuous  spectrum.  If  light  from  such  a  source  be 
transmitted  thi'ough  the  vapors  of  any  substances,  and  then 
examined  with  the  spectroscope,  the  resulting  spectrum  will 
be  crossed  by  dark  lines  having  the  same  position  as  the 
bright  lines  belonging  to  the  spectra  of  the  vapors.  Hence 
it  appears  that  every  body  in  a  state  of  vapor  is  opaque  to 
the  class  of  rays  that  it  emits  when  rendered  incandescent. 

The  principle  just  elucidated  has  been  applied  to  explain  the  dark 
lines  of  the  solar  spectrum.  It  is  supposed  that  the  body  of  the  sun 
is  an  incandescent  solid,  or  perhaps  a  glowing  liquid,  and  conse- 
quently that  it  emits  white  light.  It  is  further  supposed  that  the 
body  of  the  sun  is  surrounded  by  a  layer  of  gaseous  matter  contain- 
ing vapors  of  various  substances,  including  many  of  the  known 
metals.  This  envelope,  called  the  photosphere,  being  at  a  lower 
temperature  than  the  nucleus,  is  in  a  condition  to  absorb  the  very 
rays  that  it  would  itself  emit  if  it  were  incandescent.  The  absorbed 
or  missing  rays  form  the  dark  lines  of  the  spectrum.  Were  the  cen- 
tral nucleus  abolished,  the  solar  spectrum  would  be  transformed  into 
a  system  of  brilliant  bands.  These  would  correspond  to  the  bands 
of  a  spectrum  given  by  a  flame  charged  by  metallic  vapors.  They 
would  cx)nstitute  the  spectnim  of  the  solar  photosphere. 

Sodium,  calcium,  magnesium,  iron,  chromium,  nickel,  copper j  zinc, 
and  other  metals  have  been  found  in  the  solar  atmosphere. 

The  spectm  of  the  fixed  stars  indicate  that  those  bodies  are  similar 
in  constitution  to  our  sun,  but  the  number  and  position  of  the  dark 
lines  show  that  their  photospheres  do  not  contain  the  same  elements 
that  are  found  in  our  own  luminary. 
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The  nebulse,  where  they  can  be  observed,  give  out  spectra  like 
ignited  gases  instead  of  spectra  like  the  sun  and  stars. 

The  permanent  gases ^  when  heated  to  a  sufficient  temperature  hj 
means  of  electricity,  exhibit  bands  in  their  spectra. 

It  has  long  been  known  that  the  sun  is  surrounded  during  the 
time  of  a  total  eclipse  by  a  great  number  of  irregular  rose-colored 
protuberances.  These  have  been  shown  by  spectrum  analysis  to 
consist,  for  the  most  part,  of  incandescent  hydrogen ;  with  it  are 
mixed  vapors  of  sodium  and  magnesium.  The  protuberances  form 
part  of  an  irregular  envelope  surrounding  the  entire  body  of  the  sim, 
and  lying  outside  of  its  photosphere.  This  layer  constitutes  what 
has  been  named  the  chromosphere,  and  within  a  few  years  a  method 
has  been  discovered  for  observing  its  spectrum  without  the  necessity 
of  waiting  for  a  total  eclipse. 

428.  Interference  of  Light.  —  If  two  waves  of  light 
move  in  such  a  way  that  the  crest  of  one  coincides  with  the 
crest  of  the  other,  and  the  depression  of  one  with  the  depres- 
sion of  the  other,  the  resultant  will  be  a  wave  of  double  am- 
plitude of  vibration. 

But  when  the  crest  of  one  corresponds  to  the  depression  of 
the  other,  they  neutralize  each  other  and  there  is  no  light. 

429.  Newton's  Rings  are  explained  on  the  same  princi- 
ple. Upon  a  flat,  smooth  piece  of  glass  let  the  convex  side  of 
a  plano-convex  lens  having  a  small  cui-vature  be  placed  and 

firmly  pressed    down,   as  shown   in 
Fig.  290.     Suppose  a  beam  of  homo- 
Fig.  290.  geneous  light,  that  is,  light  of  one 
color,  is  allowed  to  fall  perpendicularly  upon  the  upper  glass ; 
a  portion  will  be  reflected  from  the  lower  surface  of  the  lens 
and  a  portion  from  the  upper  surface  of  the  lower  glass. 

The  centre,  which  is  the  point  of  contact  of  the  two  glass  surfaces, 
is  a  dark  circular  spot ;  at  a  certain  distance  from  it,  the  two  sets  of 
reflected  waves,  as  they  go  together  to  the  eye,  will  have  the  crest  of 
one  coinciding  with  the  depression  of  another,  and  the  effect  will  be 
darkness,  or  there  will  be  a  black  ring  formed.  A  little  farther  out, 
the  crests  will  coincide,  and  we  shall  have  a  bright  ring  of  tlie  same 
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color  as  the  beam  of  light.  Farther  still  from  the  centre  the  crests 
and  depressions  will  again  correspond,  and  we  shall  have  a  dark  ring, 
and  so  on. 

The  appearance  presented  to  the  ej-e  will  be  a  series  of 
rings,  dark  and  bright  alternatel}',  as  represented  in  Fig.  291. 
If  yellow  light  be  used,  we  shall  have  alternately  dark  and  jel- 
low  rings ;  if  I'ed  light,  dark  and  red  rings ;  and 
other  colors  will  produce  similar  results. 

If  a  beam  of  solar  light  is  used,  each  ring  will  take 
the  colors  of  the  spectrum,  —  violet  on  the  inner  edge, 
and  red  on  the  outer,  in  order  of  their  refrangibilities. 

By  finding  the  thickness  of  the  layer  of  air  between         ^^' 
the  two  glasses,  the  wave-lengths  have  been  determined. 

The  colors  of  finely  grooved  surfaces  are  due  to  interference. 
These  colors  are  independent  of  the  physical  constitution  of  the  body, 
and  depend  solely  on  the  fineness  and  sbape  of  the  grooves. 

The  play  of  colors  upon  mother-of-pearl  is  due  to  fine  grooves  or 
strise,  as  may  be  shown  by  taking  an  impression  of  a  piece  of  it  in 
white  wax ;  the  colors  of  the  wax,  thus  prepared,  are  entirely  analo- 
gous with  those  of  the  mother-of-pearl  from  which  the  impression 
was  taken. 

The  brilliant  colors  of  a  soap-bubble  are  due  to  the  interference  of 
the  two  sets  of  rays  that  are  reflected  from  the  outer  and  inner  sur- 
faces of  the  film  that  constitutes  the  bubble. 

The  colors  of  thin  plates,  like  the  film  of  oil  on  water,  the  splen- 
did colors  of  the  skimmings  of  melted  lead,  the  iridescent  displays  of 
fractured  crystals,  and  the  like,  are  all  due  to  interference,  of  light. 

430.  Diffraction.  —  When  light  passes  the  edges  of 
opaque  bodies,  the  luminous  rays  appear  to  become  bent 
and  to  enter  the  shadow  of  the  bodj'. 

If  a  raj'  of  light  pass  by  a  very  small  aperture  into  a  dark- 
ened room,  and  an  opaque  body  be  placed  in  it,  the  shadow 
that  it  casts  will  be  surrounded  with  colored  fringes. 

If  the  body  be  a  hair  or  fine  metallic  wire,  there  will  not  only  be 
exterior  fringes,  but  also  a  series  of  dark  and  colored  bands  in  the 
shadow  itself,  which  are  called  interior  Mnges.  These  phenomena 
are  due  to  the  interference  of  light. 
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431.  Double  Refraction.  —  Certain  crystalline  sub- 
stances have  the  power  of  separating  a  transmitted  beam  into 
two  parts,  so  that  objects 
seen  through  them  ap- 
pear double,  as  shown 
in  Fig.  292.  This  phe- 
nomenon, called  double 
refraction^  depends  on 
the  molecular  arrange- 
ment of  the  body,  which 
causes  the  contained  ether  ^^* 

to  have  difTerent  degrees  of  elasticity  in  different  directions. 

Iceland  spar,  which  is  crystallized  carbonate  of  lime,  is  an  example 
of  double  refracting  bodies.  Its  crystals  can  be  reduced  by  cleavage 
to  the  form  of  an  equilateral  rhomb, 
as  shown  in  the  figure.  The  parti- 
cles are  symmetrically  arranged 
about  the  shortest  diagonal  (ah^  Fig. 
293),  and  this  is  called  the  axis.  On 
account  of  the  inequality  in  the  arr 
rangement  of  the  molecules,  the 
surrounding  ether  is  endowed  with 
different  degrees  of  elasticity.  In 
consequence  of  these  unequal  elasticities,  the  transmitted  wave  is 
divided  into  two,  which  advance  with  unequal  velocities.;  hence  the 
phenomena  of  double  refraction.  Where  the  elasticity  is  the  great- 
est, the  velocity  is  the  greatest  and  the  refraction  the  least,  and  the 
reverse  also  is  true. 

The  two  parts  into  which  a  ray  is  divided  do  not  move  according 
to  the  same  law.  One  follows  both  the  laws  of  refraction  already 
explained ;  it  is  called  the  ordinary  ray.  The  other  does  not,  as  a 
general  thing,  follow  either  of  those  laws ;  it  is  called  the  extramdi- 
nary  ray.  When  transmission  takes  place  in  the  direction  of  the 
axis  the  two  rays  coincide,  and  this  direction  of  no-douhle  refraction 
is  called  the  optic  aocis  of  the  crystal ;  when  in  a  plane  perpendicular 
to  the  axis,  the  two  rays  are  most  separated.  If  we  turn  the  spar 
round  (Fig.  293),  the  image  made  by  the  extraordinary  ray  will  re- 
volve about  the  other,  while  that  remains  stationary. 


Fig.  293. 
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The  dasB  of  bodies  to  which  Iceland  spar  belongs  have  but  one 
optic  axis ;  these  are  called  uniaxial.  There  are  bodies  that  have 
two  optic  axes )  these  are  called  biaaial. 

In  all  crystals  where  the  molecules  are  not  grouped  alike;  the  elas-  ^ 
ticity  of  the  ether  is  not  the  same,  and  double  refraction  occurs.    Ice 
will  cause  double  refraction,  but  water  wiU  not,  thus  showing  a  dif- 
ference of  molecular  arrangement 

432.  Polarization  of  Light.  —  If  a  beam  of  light  be 
transmitted  through  a  crystal  of  Iceland  spar,  the  parts  into 
which  it  is  divided  are  of  equal  intensitj-.  If  one  of  these 
parts  be  transmitted  through  a  second  crystal,  the  parts  into 
which  it  is  divided  are  of  unequal  intensity,  and  the  degree  of 
inequality  depends  on  the  relative  positions  of  the  crystals. 
Hence  light  that  has  been  doubly  refracted  differs  from  common 
light ;  it  is  polarized,  or,  in  other  woi-ds,  it  has  acquired  sides. 

The  vibrations  that  constitute  light  are  transversal;  that  is,  they 
are  perpendicular  to  the  direction  of  propagation.    In  common  light 

the  vibrations  (Fig.  294)  take  place 

in  every  possible  direction  consistent 

with  this  law ;  inpolarized  light  they 

take  place  in  only  one  direction,  or 

are  all  in  one  plane,   called   the 

plane  of  polarization. 

Fig.  294.  Certain  crystab  have  the  power 

of  arranging  these  transverse  vibrations  of  ordinary  light  into  two 

sets  at  right  angles  to  each  other  (Fig.  295). 


Fig.  296. 

One  of  the  sets  is  more  retarded  than  the  other  in  passing  through  the 
crystal,  and  is  generally  the  ordinary  ray,  which  has  been  described. 

433.  Polarized  Light  and  Tourmaline.  —  Light  is  best 
studied  by  allowing  it  to  fall  perpendicularly  on  a  plate  of  tour- 
maline, cut  parallel  to  the  axis  of  the  crystal.     Such  a  plate 
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allows  no  vibrations  to  pass  except  they  be  parallel  to  the 
axis.  Hence  the  emei^ent  beam  is  iK)larize(i  Let  such  a 
beam  fall  perpendicularly  on  a  sec- 
ond plate,  similar  to  the  first.  If 
the  axes  of  these  plates  are  parallel 
(Fig.  296),  the  entire  beam  is  wholly 
transmitted ;  if  the  axes  are  per- 
pendicular to  each  other,  the  beam 
is  wholly  intercepted ;  if  the  axes 


1.11' 


Fig.  297. 


Fig.  296. 

are  oblique  to  each  other,  the  beam  is  partiallj*^  transmitted 
and  partially  intercepted. 

This  can  be  further  illustrated  by  Fig.  297.  A  and  C  rep- 
resent two  gratings  with  parallel  bars,  corresponding  to  the 
plates  of  tourmaline.  ^  is  a 
cardboard  corresponding  to 
the  transverse  vibrations  of  a 
light- wave. 

It  can  be  readily  seen  that 
the  vertical  portion  passes 
through  the  bars  at  A.  This 
is  the  polarized  ra}^  the  vibrations  being  all  in  one  plane. 
It  is  evident  also  that  it  cannot  pass  through  the  bars  at  C  in 
their  present  position. 

That  which  polarizes  light  is  called  a  polarizer^  and  what- 
ever is  used  to  examine  polarized  light  is  called  an  analyzer. 
Of  the  two  tourmaline  plates  mentioned,  the  first  is  a  polar- 
izer, the  second  an  anal3'zer.  To  test  whether  light  is  polar- 
ized, it  is  usual  to  observe  it  through  an  analyzer,  and  to  notice 
whether  there  be  any  change  of  brightness  as  the  analyzer  is 
rotated. 

If  the  rays  that  have  passed  through  a  crystal  of  Iceland  spar  be 
tested  by  a  plate  of  tourmaline,  it  is  found  that  they  are  polarized  in 
planes  which  are  perpendicular  to  each  other. 

Light  may  be  polarized  by  reflection  and  refraction.  We  have 
seen,  when  a  ray  of  light,  A  C,  falls  on  a  surface  separating  two 
media  (Fig.  298),  that  it  is  separated  into  two  parts,  one  of  which, 
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CD,  is  refracted,  and  the  other,  CB,  ia  reflected.    When  these  two 
parts  are  perpendicular  to  each  other,  the  reflected  ray  is  polarized 

in  a  plane  at  right  angles  to 
the  reflecting  surface. 

The  refracted  ray  is  also  po- 
larized, and  will  contain  just  as 
much  polarized  light  »a  the  re- 
flected ray. 

The  angle  at  which  the  re- 
flected ray  is  completely  polar- 
ized is  called  the  angle  of  polarization. 

For  glass  this  angle  is  54°  35'.     At  any  other  angle  the  reflected 
ray  is  only  partially  polarized. 

By  means  of  the  interference  of  polarized  light  many  beautiful 
eflficts  are  produced. 

If  we  place  a  thin  disk  of  Iceland  spar  be- 
tween the  tourmaline  plates, 
and  have  the  axes  of  the 
plates  perpendicular  to  each 
other,  there  will  be  seen  a 
series  of  colored  rings  trav- 
ersed by  a  black  cross.  If 
tlie  axes  are  parallel,  we 
have  a  white  cross  instead  of 
black,  and  the  colors  of  the  rings  are  changed  to  their  complementary 
ones.    Figs.  299,  SIX),  represent  these  results. 


Fig.  299. 


Fig.  300. 


434.  The  Tourmaline  Pincette.  —  The  best  method  of 
observing  the  varied  colors  of  polarized  light  is  by  means  of 


Fig.  801. 

an  apparatus  called  the  tourmaline  pincette.  This  is  a  small 
instrument  (Fig.  301),  consisting  of  two  tourmaline  plates  cut 
parallel  to  the  axis,  each  being  fitted  in  a  metallic  disk.    The 

Digitized  by  VjOOQ  IC 


POLARIZATION,  876 

tourmalines  turn  with  the  disks,  and  can  be  rotated  and  in^ 
dined  to  each  other  at  any  angle. 

The  disks  are  perforated  in  the  oentre,  blackened,  and  mounted 
in  a  frame  of  metal  coiled  at  one  end  so  as  to  form  a  spring  and  press 
together  the  tourmalines. 

The  substance  to  be  examined  is  iixed  upon  a  cork  disk,  3f,  and 
then  placed  between  the  tourmalines.  The  pincette  is  held  before  the 
eye  so  as  to  view  dififiised  light.  The  tourmaline  farthest  from  the  eye 
acts  as  a  polarizer,  and  the  other  as  an  analyzer. 

435.  Applications  of  Polarized  Light.  —  Polarization 
enables  us  to  know  whether  the  light  that  comes  to  us  from 
a  substance  is  reflected  from  its  surface.  We  can  determine 
the  light  of  the  heavenly  bodies  in  this  way,  like  the  moon  and 
planets,  which  send  the  sun's  rays.  Polarization  is  also  use- 
ful in  ascertaining  the  nature  of  precious  stones  and  in  study- 
ing crystals. 

If  a  beam  of  polarized  light  be  passed  through  a  solution  of  cane- 
sugar,  the  plane  of  polarization  will  be  rotated  towards  the  right ;  if 
through  fruit-sugar,  towards  the  left.  By  this  method  the  amount 
of  pare  sugar  in  sirups  or  solutions  can  be  discovered. 

436.  The  Rainbo'w  is  a  brilliantl}-  colored  arc,  formed 
by  reflection^  refraction^  and  dispersion  of  solar  light  hy  rain- 
drops. 

It  is  necessary  to  the  formation  of  the  bow  that  the  sun 
should  shine  when  the  drops  are  falling,  and  that  the  ob- 
server should  stand  with  his  back  to  the  sun,  between  the 
drops  and  the  sun. 

Two  rainbows  are  often  obsei-ved  at  the  same  time:  the 
inner  and  brighter  one  is  called  the  primary ;  the  outer  and 
fainter,  the  secondary. 

Fig.  302  shows  the  course  of  the  rays  in  the  formation  of 
a  rainbow.  It  will  be  observed  that  in  the  case  of  the  sec- 
ondary' bow  the  rays  coming  from  S  S'  suffer  two  refrac- 
tions and  two  reflections  in  the  drops,  v  and  r,  before  reaching 
the  eye.     In  the  primary  drops,  r  and  v,  the  rays  from  Sf'  5'" 
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suffer  two  refractions  and  one  reflection ;  hence  not  so  much 
light  is  lost,  and  the  bow  is  brighter.  The  result  is,  that  the 
emergent  light  is  resolved  into  the  seven  prismatic  colors  for 
each  bow,  only  those  of  the  secondary  are  in  the  reverse  order 
of  the  primary  on  account  of  the  additional  reflection. 


Fig.  302. 

In  the  primary  bow,  violet  occupies  the  inside,  red  the  ontside ; 
ID  the  secondary,  violet  the  outside  and  red  the  inside,  the  interme- 
diate colors  taking  their  proper  order. 

437.  The  Manner  in  which  the  rays  come  to  the  eye 
from  the  seven  drops  to  form  the  primary  bow  is  shown  in 

Fig.  303. 

The  secondar}^  is  formed 

in  a  similar  way  except  that 

the  eye  catches  the  red  ray 

from  the  first  drop  and  vio- 

y^.^tf^^^""^^""""^ — -—^^^^    let  from  the   seventh,   the 

intermediate  drops  furaish- 
ing    their    respective  raj's. 
Fig.  303.  Of  course  the  seven  drops 

of  the  secondaiy  bow  ai-e  above  the  seven  of  the  primary. 
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The  colored  rays  from  each  drop  that  do  not  reach  the  eye  are 
shown  in  the  figure. 

The  eye  occupies  a  position  od  a  lioe  which,  if  produced,  passes 
through  the  sun  and  the  centre  of  the  rainbow  circle. 

The  red  rays  of  the  primary  bow  as  they  emerge  from  the  drops 
make  an  angle  with  the  sun's  rays  of  42°,  the  blue  rays  40°,  and  the 
other  colors  between  these.  The  different  colors  will  be  seen  in  arcs  of 
concentric  circles,  the  emergent  rays  making  the  constant  angles  just 
given. 

The  angles  which  the  rays  of  the  secondary  make  are  larger  than 
those  of  the  primary. 

As  the  sun  goes  towards  the  horizon  the  bow  rises ;  when  it  is  in 
the  horizon  it  forms  a  semicircle. 

If  the  sun  is  below  the  horizon  and  the  observer  on  an  elevation, 
the  whole  bow  may  be  seen. 

The  primary  bow  disappears  if  the  sun  \a  more  than  42°  above  the 
horizon ;  the  secondary,  if  more  than  54°. 

Since  the  position  of  the  rainbow  depends  upon  the  direc- 
tion of  the  sun's  raj's  and  the  position  of  the  observer,  no 
two  persons  see  precisely  the  same  bow,  although,  if  they 
are  near  together,  the  bows  very  nearly  coincide. 

The  rainbows  of  any  two  successive  moments  are  not  the 
same,  for  the  drops  that  form  them  are  constantly  succeeding 
one  another  in  rapid  succession. 

We  often  see  the  colors  of  the  rainbow  in  the  dewdrop,  in  icicles, 
in  the  ice  that  often  clothes  the  twigs  and  branches  of  trees  in  winter. 
The  entire  circle  of  rainbows  may  be  seen  in  the  spray  that  arises  from 
cataracts.  The  halos  often  seen  around  the  moon  and  sometimes 
around  the  sun  are  supposed  to  be  due  to  reflections  and  refractions 
of  the  light 

438.  The  Properties  of  the  Spectrum.  —  The  seven 
rays  enumerated  differ  in  illuminating  power,  the  middle  rays 
being  those  which  possess  the  greatest  illuminating  power ; 
that  is,  the  most  powerfully  illuminating  rays  lie  midway  be- 
tween the  heat  rays  and  the  actinic  rays,  namely,  in  the  3'ellow. 

If  a  thermometer  be  held  for  a  time  in  the  different  rays, 
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beginning  at  the  violet,  it  will  show  an  increase  of  heat  till  it 
comes  outside  of  the  red  rays,  where  it  is  greatest. 

The  actinic  rays  are  those  that  produce  chemical  changes. 
If  a  strip  of  paper,  prepared  with  nitrate  of  silver,  be  placed 
in  the  spectrum,  it  will  be  least  changed  in  the  red,  and  in 
passing  towards  the  violet  end  this  change  will  increase  till  it 
becomes  the  greatest  beyond  the  violet. 

In  Fig.  288  we  have  represeuted  by  means  of  curves  the  relative 
intensities  of  the  three  properties  of  the  spectrum. 

The  rays  below  the  red  of  the  spectrum,  or  ultra-red  rays,  and 
those  above  the  violet,  or  ultra-violet  rays,  are  c&lledi  invisible  rays,  to 
distinguish  them  from  the  colored  portions  of  the  spectrum,  which  are 
called  the  visible  rays.  Strictly  speaking,  however,  no  rays  are  visi- 
ble or  invisible ;  it  is  not  the  rays  that  are  seen,  but  the  objects  they 
illuminate. 

439.  Fluorescence  and  Calorescence.  —  If  the  ultra- 
violet rays  are  permitted  to  fall  upon  certain  substances,  as 
sulphate  of  quinine,  for  example,  or  common  paraffine  oil,  their 
refrangibility  is  lowered  and  they  become  luminous.  This 
change  is  called  fluorescence^  the  name  having  been  originally 
suggested  by  avarietyof  fluor  spar  which  produces  the  effect. 

Tyndall  has  succeeded  in  raising  the  refrangibility  of  the 
ultra-red  rays  and  in  making  them  visible.  He  brought  the 
rays  of  the  electric  lamp  to  a  focus  by  means  of  a  reflector, 
and  then  stopped  the  luminous  raj's  by  interposing  a  vessel 
of  rock-salt  containing  a  solution  of  iodine.  He  found  that 
a  piece  of  platinum  foil  when  brought  into  the  focus  was 
heated  to  incandescence,  and  thus  emitted  light  as  well  as 
heat.  This  transformation  of  dark  heat-rays  to  light  he  called 
calorescence.  SunHght  will  produce  similar  effects,  but  the  re- 
sults are  not  so  marked. 

440.  Chromatic  Aberration.  — The  light  that  falls  on  a 
lens  is  decomposed  into  colored  rays  of  different  degrees 
of  refhmgibility.  These  rays  are  brought  to  different  foci 
along  the  axis,  giving  rise  to  a  multitude  of  paiiial  images 
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of  different  colors,  which  by  sui^erposition  produce  a  single 
image  slightly  indistinct,  and  fringed  with  all  the  colors  of 
the  spectrum.  This  scattering  of  the  colored  rays  to  different 
foci  is  called  chromatic  aberration. 

Fig.  *2M  shows  the  phenomenon  of  chromatic  aherration.  The  red 
rays,  being  less  deviated 
than  the  others^are  brought 
to  a  focus  beyond  them  at 
r,  while  the  violet  rays, 
being  more  refrangible 
than  the  others,  are 
brought  to  a  focus  within  Pi-  3q^ 

them  at  v.     Between   v 
and  r  the  intermediate  colors  are  also  brought  to  foci. 

441.  Achromatic  Combinations. —  An  Achromatic 
Combination  consists  of  two  or  more  lenses  of  different 
kinds  of  glass,  so  constructed  as  to  neutralize  the  effect  of 
dispersion. 

The  combination  usua%  consists  of  two  lenses :  a  convex 
lens  made  of  crown  glass,  and  a  concave  lens  made 
of  flint  glass,  as  shown  in  Fig.  305.  Flint  glass  dis- 
perses light  more  than  crown  glass.  The  combina- 
tion, having  its  thickest  part  at  the  middle,  is 
convergent.  The  dispersion  of  the  rays  by  one  of 
the  lenses  is  exactly  neutralized  by  a  dispersion  of 
them  in  an  opposite  way,  so  that  the  image  is  nearly 
colorless. 

Such  combinations  of  lenses  are  called  achromatic,  and     ^^' 
are  the  ones  used  iu  the  construction  of  telescopes. 

Summary.  — 

Double  Befraction. 

Definition  aud  Elustration  by  Figure. 
Cause  of  Double  Refraction. 
Ordinary  and  Extraordinary  Rays. 
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Polarization  ofLiglU. 
How  produced. 
Vibrations  of  Cominon  and  Polarized  Light  shown  by 

Figure. 
Separation  of  Common  Light  into  two  Sets  at  Right 

Angles  to  each  other. 
Pokrized  Light  and  Tourmaline. 
Illustrated  by  Figure. 
Definition  and  Explanation  of  Terms. 
Test  of  PdlawKd  Light. 
Beautiful  Efiects  of  Feittdzed  Light. 

Illustrated  by  Figure. 
The  Tourmaline  Pincette. 

Description  and  Method  of  Using. 
Applications  of  Polarized  Light. 

In  detennining  the  Light  of  the  Heavenly  Bodies. 
In  studying  Precious  Stones  and  Crystab. 
In  determining  the  Purity  of  Sugar. 
The  Eainbow. 

Definition  and  Conditions  of  Formation. 

Primary  and  Secondary  Bows  explained  by  Figure. 

The  Manner  in  which  the  Rays  reach  the  Eye  explained 

by  Figure. 
Why  the  Bow  is  Circular. 
No  two  Persons  see  the  same  Bow. 
Rainbow  Colors  seen  in  Dewdrops,  Icicles^  etc. 
Properties  of  the  Spectrum, 

Heat,  Luminous,  and  Actinic,  or  Chemical;  Rays* 
Positions  detennined  in  the  Spectrum. 
Relative  Intensities  illustrated  by  Figure. 
Fltu>re8cence  and  CaJarescence. 

Explanations  by  Experiments. 
Chromatic  Aberration  explained  by  Figure. 
Achromatic  Combinations  explained  by  Figure* 
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SECTION  V. — THEORY  AND  CONSTRUCTION  OF  OPTICAL  INSTRUMENTS. 

442.  Optical  Instruments.  —  The  properties  of  mirrors 
and  lenses  have  led  to  the  construction  of  a  great  variety  of 
instruments,  which,  b}'  increasing  tlie  limits  of  vision,  have 
opened  to  our  senses  two  new  worlds  that  had  else  remained 
unknown  to  us,  the  one  on  account  of  its  minuteness  and  the 
other  on  account  of  its  imraensit3% 

Of  the  optical  instruments,  the  most  useful  and  interesting 
are  microscopes  and  telescopes. 

Besides  these  a  great  variety  of  other  instruments  have 
been  devised,  such  as  the  magic  lantern,  the  photo-electric  mi- 
croscope, the  solar  microscope,  the  camera  obscura,  and  the 
stereoscope, 

443.  Microscopes.  —  A  Microscope  is  used  for  viewing 
near  objects. 

Microscopes  may  consist  of  a  single  lens  or  a  combination  of  lenses. 
We  shall  describe  the  two  kinds,  the  simple  and  the  compound. 

444.  The  Simple  Microscope,  or  magnifying-glass, 
consists  of  a  double-convex  lens  of  short  focal  distance.  It 
is  usually  set  in  a  frame  of  metal  or  of  horn,  and  held  in  the 
hand. 

The  object  is  placed  between  the  lens  and  its  principal  focns. 
The  image  is  erect,  virtual,  and  magnified  (Fig.  278).  The  visual 
angle  subtended  by  the  image  is  greater  than  that  subtended  by  the 
object ;  hence  the  enlargement  of  the  image. 

445.  The  Compound  Microscope  consists  essentially 
of  a  double-convex  lens  called  the  obfect-lens,  and  a  second 
double-convex  lens  called  the  eye-piece. 

Fig.  306  shows  the  instrument  in  section,  and  makes 
known  the  course  of  the  rays. 

The  object  to  be  observed  is  placed  at  a,  between  two 
plates  of  glass  upon  a  support,  o  is  the  object-lens,  and  0  the 
eye-piece.     The  object,  a,  being  placed  a  little  beyond  the 
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principal  focns  of  the  object-glass,  this  lens  produces  a  real 
image,  h  c,  which  is  inverted  and  enlarged.     The  ej'e-piece, 

O,  is  so  placed  that  its  principal 
focus  is  a  little  beyond  the  image, 
h  c.  This  lens  then  acts  as  a  sim- 
ple microscope,  and  magnifies  the 
image  as  though  it  were  at  BC. 

The  compound  microscope  ex- 
cels the  simple  in  magnifying 
power  because  with  it  we  examine 
not  the  object  itself  but  an  en- 
larged image  of  it.  The  magni- 
fying power  of  a  microscope  is 
generall}'  expressed  in  diameters.  If 
it  makes  the  breadth  of  the  object 
appear  100  times  as  great  as  it 
really  is,  it  is  said  to  magnify 
100  diameters,  the  surface  being 
magnified  100^=10,000  times. 

Componnd  microscopes  are  con- 
structed whose  magnifyiDg  power  is 
1,800  diameters ;  but  what  is  gained  in 
power  is  often  lost  in  distinctness.  A 
good  magnifying  power  is  600  diame- 
ters, which  gives  360,000  in  surface. 

The  magnifying  power  depends  up- 
on the  object- lens.  This  power  is  in- 
creased by  combining  two  or  three 
lenses,  as  shown  at  H,  on  the  right  oi  Fig.  306.  The  eye-piece  and 
object-glass  often  consist  of  two  or  more  lenses,  acting,  however,  as 
a  single  lens,  for  the  purpose  of  remedying  the  defect  arising  from 
spherical  and  chromatic  abeiTations. 

The  magnifying  power  of  the  compound  microscope  is  equal  to 
the  magnifying  powers  of  the  two  glasses. 

As  there  is  no  more  light  on  the  magnified  image  than  on  the  ob- 
ject itself,  the  object  must  be  strongly  illuminated,  so  that  the  diffused 
light  may  be  sufficient  to  meet  the  eye.  To  secure  this,  the  object, 
when  transparent,  is  illumiuated  by  a  mirror,  M  (Fig.  306),  which 

Digitized  by  VjOOQ  IC 


Fig.  306. 


TELESCOPES. 


383 


concentrates  the  light  upon  it.  When  the  object  is  opaqne,  it  can  be 
illuminated  by  a  lens,  which  concentrates  the  rays  upon  it  from  above. 
The  microscope  is  used  in  the  study  of  botany  to  discover  the 
laws  of  the  vegetable  world ;  in  entomology,  to  study  the  habits  of 
minute  insects ;  in  anatomy  and  medicine,  to  study  the  laws  of  ani- 
mal physiology ;  in  the  arts,  to  discover  the  composition  of  mixtures ; 
in  commerce,  to  detect  the  nature  of  stuffs ;  and  so  on.  Its  use  is 
almost  universal,  either  as  an  instrument  of  research  or  of  curiosity. 

446.  Telescopes.  —  A  Telescope  is  an  optical  instrument 
for  viewing  objects  at  a  distance. 

Telescopes  may  be  divided  into  two  classes,  refracting  tele- 
scopes and  reflecting  telescopes. 

In  the  first  class  a  lens,  called  the  ob/ect-iens^  is  employed 
to  form  an  image ;  in  the  second  class  a  mirror  or  speculum 
is  employed  for  the  same  purpose ;  in  both,  the  image  formed 
is  viewed  by  a  lens,  or  combination  of  lenses,  called  the  eye- 
piece. The  manner  of  arranging  these  component  parts, 
together  with  the  nature  of  the  auxiliary  pieces  employed, 
determines  the  particular  kind  of  telescope.  We  will  first 
consider  the  refracting  telescopes. 

447.  The  Galilean  Telescope,  named  from  its  illus- 
trious discoverer,  Galileo,  consists  essentially  of  a  convex 
obfect-glczssj  which  collects  the  ra3's  from  an  object,  and  a  con- 
cave ege-piece^  by  means  of  which  the  rajs  from  each  point  of 
the  object  are  rendered  parallel,  and  capable  of  producing 
distinct  vision. 


Fig.  307. 

Fig.  307  shows  the  course  of  the  rays  in  the  Galilean  tele- 
scope. Pencils  of  rays  from  points  of  the  object,  A  B,  falling 
upon  the  object-lens,  0,  are  converged  by  it,  and  tend  to 
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form  a  real  and  inverted  image  beyond  the  eye-piece,  o.  The 
concave  eye-piece  is  placed  so  as  to  intercept  the  rays  coming 
from  the  object-glass,  being  at  a  distance  in  front  of  the  in- 
verted image  equal  to  its  own  principal  focal  distance.  In  con- 
sequence of  this  arrangement,  the  pencil  of  light  coming  from 
A  is  converged  by  the  object-glass,  and,  falling  upon  the  eye- 
piece, is  diverged  and  refracted  so  as  to  appear  to  the  eye  to 
come  from  a.  In  like  manner  the  i)encil  from  B  appears  to 
the  eye  to  come  from  h. 

The  image  is  erect  and  virtual,  and  because  the  visual  angle 
(Art.  376)  under  which  the  image  is  seen  is  greater  than  that  under 
which  the  object  would  be  seen  without  the  telescope,  it  appears 
magnified. 

Opera-glasses  are  simply  Galilean  telescopes.  The  length  of  this 
telescope  is  equal  to  the  difference  of  the  focal  lengths  of  the 
two  glasses,  and  therefore  has  the  advantage  of  being  short  and 
portable. 

448.  The  Astronomical  Telescope  consists  essentially 
of  two  convex  lenses,  the  one,  o,  being  the  object-lens,  and 
the  other,  0,  the  eye-piece.  The  object-glass  forms  an  in- 
verted image  of  the  object,  which  is  viewed  by  the  eye-piece. 

Fig.  308  represents  the  course  of  the  rays  in  this  instru- 
ment. A  pencil  of  i-ays  coming  from  A  is  converged  by  o 
to  a  focus,  a,  while  a  pencil  from  B  is  brought  to  the  focus,  h. 
In  this  manner  the  lens,  0,  forms  an  image,  a  &,  of  an  object, 


Fig.  308. 

A  Bj  which  image  is  i*eal  and  inverted.  The  eye-piece,  O,  is 
phiced  at  a  distance  from  ab  a  little  less  than  its  principal 
focal  distance.  The  i^encil  coming  from  the  points  a  and  b  of 
the  image  are  refracted  so  as  to  ap[>ear  to  come  from  the  points 
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c  and  d.  The  visual  angle  is  greater  than  it  would  be  in  view- 
ing the  object  without  the  telescope,  and  consequently  the 
object  appears  to  be  magnified. 

In  this,  as  in  all  other  telescopes,  the  eye-piece  is  csipable  of  being 
pashetl  in  or  drawn  out,  to  enable  the  observer  to  accommodate  it  to 
near  as  well  as  distant  objects. 

The  object-glass  is  made  as  large  as  practicable,  to  illaminate  the 
image  as  much  as  possible,  and  should  be  achromatic  (Art.  441). 

The  size  of  the  image  increases  with  its  distance  from  the  object- 
glass  ;  it  should  therefore  be  of  small  convexity,  that  its  focal  dis- 
tance may  be  as  great  as  possible.  The  eye-piece  should  have 
great  convexity,  and  consequently  short  focal  length,  as  it  does  the 
magnifying. 

To  find  the  magnifying  power  of  a  telescope,  we  divide  the  focal 
length  of  the  object-glass  by  that  of  the  eye-glass. 

This  telescope  differs  from  the  microscope  in  these  respects ;  the 
object-glass  of  the  latter  is  as  small  as  possible,  very  convex,  and 
also  has  the  object  to  be  examined  very  near  it,  so  that  the  image 
formed  is  much  beyond  the  principal  focus,  and  greatly  magnified. 
Consequently  both  object-glass  and  eye-glass  magnify.  Whereas, 
in  the  telescope,  the  heavenly  bodies  being  at  an  immense  distance, 
the  incident  rays  are  parallel,  and  the  image  formed  in  the  principal 
focns  of  the  object-glass  is  smaller  than  the  object  itself.  The  object- 
glasS  also,  as  has  been  stated,  is  as  large  as  possible,  has  very  little 
convexity,  and  does  no  magnifying,  the  eye-piece  doing  that. 

The  length  of  the  astronomical  telescope  equals  the  sum  of  the 
focal  lengths  of  the  two  glasses. 

449.  The  Terrestrial  Telescope  differs  from  the  astro- 
nomical telescope  in  having  two  additional  lenses,  which 


Fig.  309. 
together  constitute  what  is  called   an   erecting-piece.     The 
object  of  the  erecting-piece  is  to  invert  the  image  formed  by 
the  object-lens,  so  that  objects  ma^^  appear  erect  when  viewed 
through  the  telescope. 
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Fig.  309  shows  the  course  of  the  rays  in  a  terrestrial  tele- 
scope. AB  \%  the  ohjecty  o  is  the  oh/ect-lens^  m  and  n,  two 
convex  lenses,  constitute  the  erecting-piece,  and   0  is  the 

The  erecting-piece  is  so  placed  that  the  distance  of  the 
image,  7,  shall  be  at  a  distance  from  m  equal  to  its  principal 
focal  distance. 

A  pencil  of  rays  from  A,  falling  upon  the  object-lens,  is 
converged  to  a  focus  at  the  lower  end  of  the  image,  I;  the 
pencil  proceeding  from  I  is  converted  into  a  beam  by  the 
lens,  m,  directed  obliquely  upwards,  which  beam  is  converged 
to  a  focus  at  i.  In  this  manner  an  erect  image,  t,  is  formed, 
which  is  then  viewed  by  the  eye-piece,  O.  The  eye-piece  re- 
fracts the  pencils  coming  from  the  image,  »,  so  as  to  make 
them  appear  to  come  from  a  b. 

The  angle  under  which  a  5  is  seen  is  the  visucU  angle^  and, 
being  greater  than  the  angle  under  which  A  B  would  be  seen 
without  the  telescope,  the  object  is  magnified. 

The  magnifying  power  is  the  same  as  in  the  astronomical  tele- 
scope provided  the  correcting  glasses,  m  and  w,  have  the  same  con- 
vexity ;  the  loss  of  light,  however,  is  greater. 

The  terrestrial  telescope  is  used  at  sea  and  on  land  for  viewing 
objects  at  a  distance. 

450.  Reflecting  Telescopes.  —  A  Reflecting  Tele- 
scope is  one  in  which  the  image  of  a  distant  object  is 
formed  by  means  of  a  reflector  or  speculum,  which  image 
is  then  viewed  by  an  eye-piece.  The  ej-e-piece  is  either  a 
single  lens  or  a  combination  of  lenses. 

One  of  the  first  telescopes  of  this  description  was  con- 
structed by  Newton,  and  this  is  the  only  one  of  the  kind 
which  we  shall  describe  in  detail. 

451.  Newtonian  Telescope.  —  Fig.  310  shows  the  tele- 
scope of  Newton  in  section,  and  indicates  the  course  of  the 
rays  of  light. 

iW  is  a  parabolic  mirror  placed   at  the  bottom  of  a  long 
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tube.  This  reflector  tends  to  foiin  a  small  image  of  an  object 
at  the  other  end  of  the  tube.  But  before  the  rays  reach  the 
image  they  are  intercepted  b}'  a  prism  of  glass,  mn^  so  ar- 
ranged that  the  rays  enter  its  first  face  without  deviation, 
and  strike  its  second  face  so  as  to  be  totaUy  reflected,  which 
causes  the  image  to  be  formed  at  ah.  The  prism,  win,  re- 
places the  inclined  mirror  used  in  the  old  form  of  Newtonian 
telescope.    The  image  thus  formed  is  viewed  b}'  an  eye-piece 


Fig.  310. 

through  the  side  of  the  telescope.  The  eye-piece  in  this  tele- 
scope is  made  of  two  plano-convex  lenses,  as  shown  in  the 
figure,  the  combined  effect  of  which  is  to  cause  the  image  to 
appear  in  the  position  BA^  giving  a  great  power  to  the  tele- 
scope. 


Fig.  311. 

452.  Herschel's  Telescope.  —  Sir  William  Herschel, 
of  London,  modified  the  Newtonian  telescope  by  inclining 
the  mirror,  M^  so  as  to  throw  the  image  to  one  side  of  the 
tube  (Fig.  311),  where  it  could  b}-  viewed  by  a  magnifying 
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eye-piece,  the  observer's   back   being  turned  towards  the 
object. 

The  largest  reflecting  telescope  ever  made  is  that  of  Lord  Rosse, 
which  has  a  diameter  of  6  feet  and  a  focal  length  of  53  feet  It  is  at 
present  nsed  as  a  Newtonian  telescope,  but  can  be  used  like  Herschel's. 

453.  The  Magic  Lantern  is  an  apparatus  for  forming 
upon  a  screen  enlarged  images  of  objects  painted  on  glass. 

Fig.  312  represents  a  section  of  the  lantern.  It  is  com- 
posed of  a  box,  in  which  a  lamp  is  placed  before  a  reflector, 
M;  the  light  is  reflected  upon  a  lens,  Z,  and  is  converged  so  as 
to  illuminate  strongly  the  plate  of  glass,  a  5,  upon  which  the 
picture  is  painted.     Finally,  a  combination  of  two  lenses,  m, 


Fig.  312. 

acting  as  a  single-convex  lens,  is  placed  so  that  the  plate,  a  i, 
shall  be  a  little  beyond  its  principal  focus.  At  this  distance 
the  lenses  produce  (as  shown  in  Fig.  277)  a  magnified  and 
inverted  image  of  the  picture  painted  on  the  glass.  The  pic- 
ture on  the  glass  should  be  inverted,  in  order  that  its  image 
may  appear  erect. 

The  image  on  the  screen  will  be  the  more  magnified  as  the  plate,  a  6, 
approaches  the  principal  focus  of  the  compound  lens,  m.  It  will 
also  be  the  more  magnified  as  the  compound  lens  increases  in 
power. 

The  magnifying  power  of  the  lantern  is  found  by  dividing  the 
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distance  of  the  lens,  m,  from  the  iulage  by  its  distance  from  the 
object. 

454.  The  Polyrama  and  Dissolving  Views.  —  The 
PoLYRAMA  consists  of  a  double  magic-lantern,  with  two  cut- 
off screens.  Dissolving  Views  are  obtained  by  using  both 
lanterns.  Thus,  if  a  picture  of  a  daylight  scene  be  painted 
on  one  of  the  slides,  and  of  the  same  scene  by  moonlight  be 
painted  on  the  other,  the  first  picture  is  thrown  upon  tlie 
screen  strongly  illuminated,  the  other  one  being  entirely  ex- 
cluded by  a  screen  that  cuts  off  the  second  lens.  By  an 
arrangement  operated  bj'  the  exhibitor,  the  light  is  giadually 
cut  off  from  the  first  picture  and  admitted  upon  the  second, 
the  first  fading  away  insensibly  while  the  second  as  gradu- 
ally grows  brighter.  In  this  way  all  the  effects  intermediate 
between  Aill  daylight  and  full  moonlight  may  be  obtained  in 
succession. 

A  volcano,  calm,  and  only  surmounted  by  a  light  cloud  of  smoke, 
may  be  followed  by  a  picture  of  the  same  volcano  sending  forth  vol- 
umes of  flame  and  smoke.  A  storm  may  be  made  to  succeed  a 
smiling  landscape,  and  so  on.     The  illusion  ia  complete. 

Since  the  brightness  of  the  image  diminishes  as  we  enlarge  it,  our 
illuminating  power  must  be  very  great.  Instead,  therefore,  of  oil 
lamps,  the  magnesiumy  calcium,  and  electric  lights  are  used  to  intensify 
the  light. 

The  magnesium  light  is  made  by  burning  a  narrow  ribbon,  of  the 
metal;  it  gives  a  brilliant  and  dazzling  light. 

If  a  piece  of  unslaked  lime  is  placed  in  a  flame  of  mixed  hydrogen 
and  oxygen  gases  from  a  blow-pipe,  a  vivid  light  is  the  result ;  this 
is  called  the  calcium  light. 

The  electric  light  is  the  brightest  of  artificial  lights,  and  is  briefly 
described  in  the  next  article. 

455.  The  Photo-Electric  Microscope  is  constructed 
on  the  same  optical  principles  as  the  magic  lantern,  except 
that  the  light  employed  is  obtained  by  passing  an  electric 
current  between  two  charcoal  points. 

Fig.  313  represents  in  detail  the  arrangement  of  this  instru- 
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ment.  At  the  foot  of  the  apparatus  is  a  battery  for  gen- 
crating  electricity',  which  will  be  described  hereafter.  The 
electricit}'  is  convej'ed  to  the  charcoal  points  in  the  box,  B, 
by  means  of  two  copper  wires,  one  going  to  the  upper  and  the 
other  to  the  lower  point.  The  points  being  slightlj^  sepa- 
rated, the  circuit  is  completed  only  b^'  the  electricit}'  passing 


Fig.  313. 

across  the  interval,  which  gives  rise  to  a  liglit  of  extreme 
brillianc}'. 

In  the  figure,  /  represents  a  parabolic  reflector  for  concen- 
trating the  liglit  upon  the  slide,  X^  through  a  lens,  C.  D  is 
a  lens  which  forms  a  magnified  image  of  the  minute  object  on 
A  screen.     The  tube  in  which  the  lens,  />,  is  placed  may  be 
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drawn  out  or  pushed  in  to  vary  the  raagnif3ing  power  of  the 
apparatus. 

The  magnifying  power  of  this  instrument  may  be  made  extremely 
great,  and  by  suitable  management  it  serves  to  show  to  a  large  com- 
pany the  wonders  of  the  microscopic  world.  One  of  the  most  re- 
markable experiments  made  with  it  is  to  show  the  circulation  of  the 
blood.  Instead  of  a  picture  on  the  slide,  let  the  tail  of  a  tadpole  be 
placed  between  two  plates  of  glass  and  introduced.  There  will  ap- 
pear upon  the  screen  what  seems  an  iUuminated  map,  all  of  whose 
streams  flow  with  a  rapid  current.  It  is  but  the  blood  circulating 
with  great  velocity  through  the  arteries  and  veins. 

The  phenomena  of  crystallization  are  exceedingly  beautiful  when 
seen  by  this  microscope.  If  a  drop  of  a  solution  of  sal  ammoniac,  for 
example,  be  poured  upon  a  plate  of  glass,  and  then  introduced  into 
the  instrument,  the  heat  will  cause  the  water  to  evaporate,  producing 
one  of  the  most  beautiful  examples  of  crystallization  that  can  be  ex- 
hibited. The  minute  animalcula  of  solutions  and  stagnant  water  can 
be  shown  by  this  microscope. 

When  the  magnesium,  calcium,  or  electric  light  is  used,  the  lan- 
tern is  called  a  stereopticon. 

To  the  oil-lantern  the  names  magic  lantern^  lamposcope,  and 
sdopticon  are  given. 


Fig.  314. 


456.  The  Solar  Microscope.  —  When  the  light  of  the 
sun  is  used  instead  of  the  electric  light,  the  apparatus  is  called 
the  solar  microscope,  M  (Fig.  314)  is  an  inclined  mirror 
which  throws  the  solar  rays  into  the  tube  of  the  microscope 
through  the  lenses,  A  and  j&,  which  concentrate  them  upon 
the  object,  O,    The  lens,  Z,  then  brings  them  to  a  focus  at  a  h. 
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The  endless  screw,  B^  gives  the  proper  inclination  to  the 
minx)r. 

Summary.  — 

Optical  Instruments. 

Enumeration  of  the  most  Useful  and  Interesting  Ones. 
Microscopes. 

Their  Use,  and  the  Different  Kinds. 
Simple  Microscope. 

Construction.  —  Nature  of  the  Image. 
Compound  Microscope. 
Construction. 

Fonnation  of  the  Image  shown  hy  Figure. 
Magnifying  Power  of  the  Microscope  expressed  in  Diam- 
eters. 
Illumination  of  the  Object. 
Practical  Uses  of  the  Microscope. 
Telescopes. 

Their  Use,  and  the  Different  Kinds. 
Befracting  Telescopes. 

Construction  of  the  Galilean  Telescope. 

Formation  of  the  Image  explained  by  Figure. 
Construction  of  the  Astronomical  Telescope. 

Formation  of  the  Image  explained  by  Figure. 
Construction  of  the  Ohject'Glass  and  Eye-Piece. 
Method  of  finding  the  Magnifying  Power  of  the  Telescope. 
Difference  between  the  Telescope  and  Microscope. 
Construction  of  the  Terrestrial  Telescope. 

Formation  of  the  Image  explained  by  Figure. 
Beflecting  Telescope. 

Construction  of  Newton's. 

Formation  of  the  Image  explained  by  Figure. 
HerscheFs  explained  by  Figure. 
Magic  Lantern. 

Construction  and  Method  of  using  it  explained  by  Figure* 
Polyrama. 

Construction  and  Method  of  using  it. 
Various  Lights  used  in  the  Magic  Lantern. 
Photo-Electric  Microscope. 

Constniction  and  Method  of  using  it  explained  by  Figure. 
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Photo-Electric  Microscope. 

Its  Practical  Value  in  the  Microscopic  World. 
Different  Names  given  'to  the  Lantern. 
Solar  Microscope. 

Construction  and  Method  of  uang  it  explained  by  Figure. 

457.  Camera  Obscura. — The  camera  obscura  (dark 
chamber)  is,  as  itsnOTue  indicates,  a  closed  space,  as,  for  ex- 
ample, a  loom  «liut  off  from  the  light,  with  the  exception  of 
tte  immnous  rays  that  are  allowed  to  enter  through  a  small 
aperture,  as  shown  in  Fig.  315. 

The  rays  {Hroceeding  fix)m  external  objects  and  entering 
through  this  aperture  form 
on  the  side    opposite  the 
aperture  an  image  of  the 
object,    inverted    and    di- 
minished in   size,   but  re-  Fig.  315. 
tainiug  the  colors  of  the  object.     The  inversion  of  the  image 
is  due  to  the  crossing  of  the  rays. 

If  the  aperture  is  a  large  one,  the  rays  are  scattered  indis- 
criminately over  the  whole  picture,  and  the  image  is  not  so 
distinct  as  when  the  apei-ture  is  small.  The  image  will  be 
distorted  if  the  screen  is  not  perpendicular  to  the  direction  of 
the  rays. 

The  images  formed  by  a  camera  obscura  possess  the  remarkable 
peculiarity  of  being  entirely  independent  of  the  shape  of  the  opening, 
in  the  box,  provided  it  be  quite  small.  The  shape  of  the  images  is  the 
same,  whether  the  opening  be  square,  round,  triangular,  or  oblong. 

To  show  this,  let  us  consider  the  case  of  a  beam  of  solar  light  en- 
tering a  dark  room  through  a  hole  in  a  shutter  (Fig.  316).  With 
respect  to  the  sun,  the  hole  in  the  shutter  is  but  a  point ;  hence  the 
group  of  rays  which  enter  it  form  in  reality  a  cone  whose  base  is  the 
sun.  The  prolongation  of  these  rays  into  the  room  makes  up  an- 
other cone  similar  in  shape  to  the  first,  and  if  this  cone  be  intercepted 
by  a  screen  perpendicular  to  the  line  joining  the  hole  with  the  centre 
of  the  sun,  the  image  formed  will  be  a  circle.  If  the  rays  are  inter- 
cepted by  an  oblique  plane,  as  in  the  figure,  the  image  is  elliptical, 
but  it  never  takes  the  form  of  the  hole  when  that  is  small. 
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In  accordance  with  this  principle,  we  find  the  lUuminated  patches 
of  earth  formed  by  light  passing  between  the  leaves  in  a  forest  of  a 
circular  or  elliptical  shape.  In  an  eclipse  of  the  sun,  when  the  visi- 
ble portion  of  the  sun  is  of  crescent  shape,  the  patches  of  light  all  as- 
sume the  crescent  form ;  that  is,  they  are  images  of  the  visible  part  of 
the  sun. 

458.  Camera  and  Lens. — If  a  double-convex  lens  be 
placed  in  the  aperture  and  a  screen  in  the  focus,  the  image 
will  be  brighter  and  more  sharply  defined. 


Rg.  816. 

If  now,  instead  of  the  room,  we  substitute  a  box,  we  shall 
have  the  ordinary  camera  used  in  sketching  the  outlines  of  a 
landscape  or  building,  and  also  employed  in  the  various 
branches  of  photograph3%  This  latter  use  constitutes  its 
principal  importance  at  the  present  time. 

When  the  ra^s  of  light  passing  into  the  camera  through 
the  lens  are  allowed  to  strike  upon  a  mirror  inclined  at  an 
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angle  of  45°,  they  are  reflected  to  the  top  of  the  box,  and  if  a 
plate  of  ground  glass  be  inserted  there  an  upright  image  will 
be  formed. 

This  image  can  very  e^isily  be  copied  by  means  of  tracing- 
paper  laid  upon  the  glass. 

A  camera  arranged  in  this  way  is  very  convenient  for  artists  in 
sketching  landscapes.  It  may  also  be  used  as  a  source  of  amusement 
in  representing  street  scenes  with  all  their  hfe  and  motion.  The  box 
containing  the  mirror  is  generally  made  to  slide  in  the  box  to  which 
the  lens  is  fitted;  so  that  the  focus  can  readily  be  found. 


Fig.  317. 

459.  Portable  Camera  for  Artists.  —  For  taking  views 
the  camera  obscura  should  be  light  and  portable.  The  best 
form  is  that  shown  in  Fig.  317.  It  consists  of  a  sort  of  portable 
tent  of  black  cloth,  within  which  is  a  table  for  receiving  the 
image,  and  at  the  top  of  which  is  a  tube  bearing  a  prismatic  lens, 
that  produces  the  combined  effect  of  the  mirror  and  lens.  The 
figure  projected  upon  the  table  may  be  traced  out  with  a  pen* 
oil  on  a  sheet  of  white  paper. 
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Fig.  318  shows  the  course  of  the  rays  in  forming  the  image. 
The  rays  coming  from  the  object,  A  i?,  fall  upon  the  convex 
face  of  the  lens  and  are  converged,  and  in  this  state  they  reach 
the  plane  surface,  w»,  which  is  inclined  to  the  horizon.  Being 
totally  reflected  from  the  surface,  m,  they  emerge  through  the 
slightly  concave  surface  below,  and  go  to  form  an  image,  a  by 
on  the  table,  P.  A  sheet  of  paper  is  spread  on  P  to  receive 
the  image,  and  on  it  the  outlines  may  be  traced. 


Fig.  818. 

460.  The  Photographer's  Camera.  —  Fig.  319  repre- 
sents the  form  of  camera  used  in  the  process  of  photograph- 
ing. It  consists  of  a  rectangular  wooden  box,  (7,  to  one  face 
of  which  is  attached  a  tube,  .^,  bearing  a  lens,  which  forms 
the  image.  The  opposite  face  of  the  box  consists  of  a  sliding 
drawer,  B^  holding  a  plate  of  ground  glass,  upon  which  the 
image,  B,  is  thrown,  and  b}'  drawing  it  out  or  sliding  it  in,  the 
picture  may  be  rendered  distinct  upon  the  glass.  The  final 
adjustment  in  getting  the  plate  of  glass  in  the  focus  is  made 
by  means  of  the  pinion,  I>.  When  the  image  is  clearl}'  de- 
fined, the  plate  of  glass  is  i*emoved,  and  a  plate  of  metal  or 
glass  introduced  which  has  previously  been  prepared  by  cer- 
tain chemical  processes  so  as  to  be  sensitive  to  the  actinic 
property'  of  the  sun.  The  image  is  then  imprinted  on  thitf 
plate. 

There  are  two  kinds  of  photographic  pictures,  positive  and 
negative.     Positive  pictures  are  those  that  have  their  lights 
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and  shades  in  their  proper  relative  position ;  negative  pictures 
are  those  in  which  the  lights  and  shades  are  reversed  in 
position. 


Fig.  319. 

A  negative  picture  is  taken  on  glass  in  the  way  described ;  it  is 
then  placed  upon  paper  chemically  prepared,  and  exposed  to  the  sun's 
rays,  thus  producing  a  positive  picture.  The  full  details  of  the  pro- 
cesses involved  in  the  art  of  photography  belong  to  the  province  of 
chemistry  rather  than  physics,  and  will  not  be  considered  here. 


Fig.  820. 

461.  The  Eye  is  a  collection  of  refractive  media,  by 
means  of  which  we  are  made  acquainted  with  the  external 
world  through  the  sense  of  sight 

As  an  optical  instrument  the  eye  is  not,  as  generally  supposed, 
theoretically  perfect ;  it  has  faults,  to  some  extent,  of  spherical 
and  chromatic  aberration,  but  its  remarkable  properties  of  self-adapta- 
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tion  and  self-adjustment  make  it  a  practical  instrument  of  marvellous 
power. 

The  shape  of  the  eye  is  spherical,  with  a  slight  protuber- 
ance in  front ;  the  average  diameter  of  the  human  eye  is  a 
little  less  than  nine  tenths  of  an  inch.  Fig.  320  represents 
a  section  of  an  eye,  with  some  of  the  coverings  thrown  back 
so  as  to  show  the  position  of  the  parts. 

The  front  part  of  the  eye  is  limited  by  a  perfectly  trans- 
parent membraue,  c,  called  the  cornea.  The  remainder  of  the 
exterior  coating  is  an  opaque  white  membrane,  5,  called  the 
sclerotic  coat ;  this  is  a  tough,  white,  opaque,  fibrous  mem- 
brane. The  cornea  is  set  in  the  sclerotic  coat,  as  a  watch- 
glass  is  set  in  its  frame. 

Immediately  behind  the  cornea  is  a  transparent  fluid,  lim- 
pid as  water,  called  the  aqueous  humor.  In  this  floats  a 
circular  curtain,  h  i,  attached  by  its  outer  edge  to  the  sclerotic 
coat,  and  having  a  small  circular  opening  at  its  middle.  The 
curtain  is  called  the  iris,  and  the  hole  in  its  centre  is  called 
the  pupil.  The  iris  gives  color  to  the  eje,  being  black,  blue, 
gray,  etc.  It  is  muscular,  and  by  the  contraction  and  ex- 
pansion of  the  fibres,  the  pupil  may  be  enlarged  or  dimin- 
ished ;  it  is  through  the  pupil  that  rays  of  light  enter  the 
eye. 

Behind  the  iris  is  a  double-convex  lens,  o,  called  the  crys" 
talline  lens  ;  it  is  of  the  consistence  of  gristle,  perfectly  trans- 
parent, more  curved  behind  than  in  front,  and  is  denser 
towards  its  middle  than  at  the  edges.  This  lens,  with  the 
cornea,  serves  to  converge  the  raj's  to  foci  behind  it.  Imme- 
diately behind  the  crystalline  lens  is  a  medium  nearly  filling 
the  remainder  of  the  cavity  of  the  eye,  called  the  vitreous  hu- 
mor; it  is  of  the  consistence  of  jelly,  and  perfectly  transpar- 
ent, permitting  the  rays  to  pass  through  it.  These  humors 
keep  the  ej-e  symmetrical.    . 

Immediately  behind  the  vitreous  humor  is  a  thin  white  ex- 
pansion of  the  optic  nerve,  Nj  lining  nearlj'  all  of  the  scle- 
rotic coat ;  this  is  called  the  retina,  and  is  the  seat  of  vision. 

Digitized  by  VjOOQ  IC 


THE  EYE.  399 

Behind  the  retina,  and  between  it  and  the  sclerotic  coat,  is 
a  fine  velvety  coating  called  the  choroid  coat,  covered  with  a 
black  pigment,  which  absorbs  the  rays  that  pass  the  retina, 
preventing  internal  reflection.  The  sensation  of  sight  is 
conveyed  to  the  brain  by  the  optic  nerve,  which  goes  to  the 
brain. 

462.  The  Mechanism  of  Vision,  —  The  action  of  the 
eye  is  similar  to  that  of  the  camera  obscura,  except  more  per- 
fect :  the  pupil  corresponds  to  the  hole  in  the  shutter,  the 
crystaUine  lens  and  cornea  form  the  image,  and  the  retina  is 
the  screen  on  which  the  image  falls.  The  iris  corresponds  to 
the  diaphragm,  which  is  used  in  the  ordinarj^  camera  to  mod- 
erate the  light  b}'  cutting  off  all  the  rays  except  those  which 
fall  upon  the  central  part  of  the  lens. 

The  image  on  the  retii^a  is  inverted,  as  shown  in  Fig.  320,  for 
the  rays  cross  as  in  the  ordinary  camera.  This  can  be  proved  by 
taking  the  eye  of  an  ox  and  paring  off  the  back  of  it  so  as  to  nearly 
expose  the  retina ;  then  hold  in  front  of  the  eye  a  candle,  its  inverted 
image  can  be  seen  in  the  back  of  the  eye. 

Many  theories  have  been  proposed  to  explain  why  we  do  not  see 
inverted  images  of  objecfts.  The  fact  that  we  always  see  images 
erect  seems  to  be  due  to  the  interpretation  by  the  mind  of  the  sensation 
carried  to  the  brain  by  the  optic  nerve.  The  sense  of  touch  is  also 
supposed  to  assist  in  determining  correctness  of  position. 

463.  Distinct  Vision. — The  eye  adapts  itself  to  different 
distances  by  changing  the  convexity  of  the  crystalline  lens  by 
muscular  contraction  and  relaxation.  For  distant  objects 
the  leris  is  made  less  convex,  as  the  raj's  are  more  readil}' 
brought  to  a  focus  upon  the  retina ;  but  for  near  objects  the 
lens  is  rendered  more  convex  on  account  of  the  greater  diffi- 
culty of  securing  the  fociis. 

The  eye  adjusts  itself  to  different  degrees  of  intensity  by 
varying  the  size  of  the  pupH.  If  the  light  is  too  intense,  the 
iris  contracts  the  pupil  so  that  less  will  enter ;  if  too  weak,  it 
expands  the  pupil,  thus  admitting  more  light. 
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Each  impression  made  upon  the  retina  lasts  about  an  eighth  of  a 
second ;  if  it  last  a  less  time  than  this,  there  is  no  distinctness  of  out- 
line. When  the  impressions  succeed  one  another  with  greater  rapid- 
ity than  thiS;  one  continuous  impression  will  be  produced.  Falling 
drops  of  rain  appear  like  liquid  threads ;  a  stick  whirled  round  rap- 
idly with  a  spark  of  fire  at  one  end  gives  a  circle  of  light,  as  men- 
tioned in  Art.  421.  The  spokes  of  a  carriage- wheel  revolving  with 
great  velocity  cannot  be  distinguished. 

464.  Near-sightedness  and  Far-sightedness. — Per- 
sons who  see  distinctly  only  at  very  short  distances  are  said 
to  be  near-sighted;  and  those  who  can  only  see  distinctly  at  a 
long  distance,  far-sighted. 

Near-sightedness  comes  from  too  great  convexity  of  the 
cornea  or  crystalline  lens,  or  both ;  also  from  too  great  an 
elongation  of  the  eyeball,  so  that  the  retina  is  too  distant. 
The  effect  is  to  bring  the  rays  to  foci  before  reaching  the  ret- 
ina, giving  an  indistinctness  to  vision.  This  defect  is  remedied 
by  holding  the  object  very  close  to  the  eye,  or  by  using  spec- 
tacles with  concave  lenses,  which  diverge  the  rays  before 
falling  upon  the  cornea,  and  thus  enable  the  media  of  the  e3*e 
to  bring  them  to  foci  upon  the  retina.  If  the  ejes  arc  unlike, 
the  lenses  should  be  of  different  power. 

Far-sightedness  is  a  defect  just  the  reverse  of  near-sight- 
edness. It  arises  from  too  great  flatness  in  the  cornea  or 
crystalline  lens,  or  it  is  due  to  the  retina  being  too  near  the 
cornea  on  account  of  the  flatness  of  the  whole  ej^eball,  so 
that  rays  of  light  are  brought  to  foci  behind  the  retina.  This 
defect  is  remedied  by  using  spectacles  with  convex  lenses. 

465.  Vision  with  two  Eyes.  —  An  image  of  every  ob- 
ject viewed  is  formed  in  each  eye ;  yet  vision  is  not  double, 
but  single. 

This  is  undoubtedly  owing  to  the  way  the  eyes  are  con- 
nected with  the  brain  and  with  each  other  by  means  of  the 
optic  nerve.  They  are  not  so  much  two  distinct  organs  as 
one  double  organ,  both  parts  of  which  are  associated  for  the 
purpose  of  performing  a  single  act. 
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466.  The  Stereoscope.  —  StmuUaneovs  vision  with  two 
eyes  is  supposed  to  give  us  the  idea  of  relief,  or  form  of  ob- 
jeets,  —  a  view  which  receives  confirmation  from  the  action  of 
the  stereoscope. 

This  is  an  apparatus  employed  to  give  to  flat  pictures  the 
appearance  of  relief,  that  is,  the  appearance  of  having  three 
dimensions. 

When  we  look  at  an  object  with  both  eyes,  each  eye  sees  a 
slightly  different  portion  of  it  Thus,  if  we  look  at  a  small 
cube,  as  a  die,  for  example,  first  with 
one  eye  and  then  with  the  other,  the 
head  remaining  fast,  we  shall  observe 
that  the  perspective  of  the  cube  is  dif- 
ferent in  the  two  cases.  This  wiU  be 
the  more  apparent  the  nearer  the 
body.  \ 

If  the  cube  has  one  face  directly  in 
front  of  the  observer,  and  the  right 
eye  is  closed,  the  other  eye  will  see 
the  front  face  and  also  the  left-hand 
face,  but  not  the  right ;  if,  however, 
the  left  eye  is  closed,  the  other  eye 
will  see  the  front  face  and  also  the 
right-hand  face,  but  not  the  left. 
Hence  we  know  that  the  two  images 
formed  by  the  two  eyes  are  not  abso- 
lutely alike.  It  is  this  difference  of  images  which  gives  the 
idea  of  relief  in  looking  at  a  solid  body. 

If,  now,  we  suppose  two  pictures  to  be  made  of  an  object, 
the  one  as  it  would  appear  to  the  right  eye  and  the  other  as 
it  would  appear  to  the  left  eye,  and  then  look  at  them  with 
both  eyes  through  lenses  that  cause  the  pictures  to  coincide, 
the  impression  is  precisely  the  same  as  though  the  object  itself 
were  before  the  eyes.  The  illusion  is  so  complete  that  it  is 
almost  impossible  to  beheve  that  we  are  simply  viewing  pic- 
tures on  a  flat  surface. 
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Such  is  the  theory  of  the  stereoscope.  Fig.  321  shows  the  course  of 
the  rays  in  this  instrument  as  just  described.  A  represents  a  picture 
of  the  object  as  it  would  be  seen  by  the  right  eye  alone ;  B,  a  picture 
of  the  same  object  as  it  would  be  seen  by  the  left  eye  alone ;  m  andn 
are  lenses  which  deviate  the  rays  so  a«  to  make  the  pictures  appear  to 
be  coincident  at  C 

The  lenses  m  and  n  ought  to  be  perfectly  symmetrical,  and  this 
result  is  attained  by  cutting  a  double-convex  lens  in  two,  and  placing 
the  right-hand  half  before  the  left  eye,  and  the  other  half  before  the 
right  eye.  The  pi6ture8  must  be  perfectly  executed,  which  can  be 
done  only  by  means  of  the  photographic  process.  The  pictures 
are  made  by  using  two  cameras  inclined  to  each  other  in  the  proper 
angle. 

Summary. — 

The  Camera  Ohscura, 

Construction. 

Fonnation  of  the  Image  explained  by  Figure. 

Result  when  the  Aperture  is  Large. 

When  the  Aperture  is  Small  the  Image  is  independent  of 
its  Shape. 

Illustration  of  this  fact  by  Figure. 
Camera  and  Lens, 

Its  Value  in  forming  Distinct  Images. 

Artist's  Camera. 

Portable  Camera  for  Artists  illustrated  by  Figure. 

Course  of  the  Bays  of  Light  illustrated  by  Figure. 
Photographer' 8  Camera, 

Construction    and   Method  of   using    it   e^lained   by' 
Figure. 

Positive  and  Negative  Pictures  defined. 

Positive  made  from  the  Negative.  ^ 

The  Eye, 

Defects  as  an  Optical  Instrument. 

Parts  of  the  Eye  shown  by  Figure. 

Description  of  the  Various  Parts  of  the  Eye. 
Mechanism  of  Vision, 

Invei^ion  of  Image  on  the  Betina. 
Theories  regarding  it. 
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Distinct  Vision, 

Adjustment  of  the  Eye  to  Distance. 

Adjustment  of  the  Eye  to  Diflferent  Degrees  of  Intensity. 

Duration  of  the  Impressions  on  the  Retina. 
Examples. 
Near-sightedness  and  Fcwsightedness. 

Definition  of  the  Terms. 

Causes.         .     1     . 
Vision  with  two  Eyes. 

Explanation. 
The  Stereoscope, 

Definition. 

Illustrations  of  the  Principle. 

Construction  explained  by  Figure. 
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CHAPTER    IX. 

ELECTRICITY. 

Part  I.  ~  MAGNETISM. 

SECTION  I.  —  NATURE  OF  ELECTRICITY.  —  GENERAL  PROPERTIES   OP 

MAGNETS. 

467,  Nature  of  Electricity. — The  real  nature  of  elec- 
tric^y  is  difficult  to  determine.  It  manifests  itself  chiefly  in 
attract^WN  And  repulsions,  but  it  is  also  recognized  by  its 
luminous  and  hwiting  effects,  by  its  power  in  chemical  de- 
compositions, and,  atttaMS,  by  the  violence  of  its  action. 

All  electricity  has  the  chanoteiinlic  of  polarity,  or  two- 
sidedness,  and  is  now  generally  conceded^  Ite  ^hn  to  ioolec- 
ular  motions.  Several  theories  have  been  advanced  in  regard 
to  its  nature,  some  of  which  will  be  considered  hereafter. 

We  may  conveniently  separate  it  into  three  divisions: 
Magnetism,  which,  although  formerly  ascribed  to  a  special 
force,  is  now  identified  with  electricity ;  Frictional  Electricity ; 
and  Dynamical  Electricity. 

468.  Natural  and  Artificial  Magnets.  —  Natural  mag- 
nets are  certain  ores  of  iron,  and  are  generally  known  under 
the  name  of  loadstones. 

The  magnet  is  so  called  from  the  town  of  Magnesia,  in 
Lydia,  where  it  was  first  noticed  by  the  Greeks.  It  is  known 
in  chemistry  as  magnetic  oxide  of  iron.  It  is  now  found  in 
considerable  quantities  in  Sweden  and  Norwaj',  as  well  as  in 
man}'  other  counti-ies. 
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Artificial  magnets  are  bars  of  tempered  iBteel,  to  which  the 
property  of  the  natural  magnet  has  been  imparted.  The 
artificial  magnet  is  far  more  valuable  and  powerful  than  the 
natural  magnet,  and  is  generally  used  in  practice. 

Steel  is  a  mixture  of  iron  with  a  small  quantity  of  carbon,  and 
when  heated  and  then  plunged  into  water,  it  becomes  exceedingly 
hard,  and  capable  of  retaining  the  magnetism  that  may  be  Imparted 
to  it.     Steel  magnets  are  permanent  magnets. 


Fig.  322. 

Magnets  may  be  made  of  soft  iron  or  untempered  steel,  but  they 
do  not  retain  their  magnetism  when  the  exciting  cause  is  removed. 
Such  magnets  are  called  temporary  magnets. 

Artificial  magnets  for  experiment  are  made  of  oblong  bars,  from 
twelve  to  fifteen  inches  in  length,  as  represented  in  Figs.  332,  333. 
They  are  sometimes  made  in  the  form  of  a  horse-shoe,  as  shown  in 
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Fig.  334.  Sometimes  they  are  made  in  the  form  of  a  thin  long 
needle,  as  shown  in  Fig.  324.  This  is  the  form  in  which  they  aro 
constructed  for  pointing  out  the  direction  of  the  magnetic  meridian , 
as  in  compasses.  In  this  form  they  are  also  used  in  many  magnetic 
experiments. 

469.  Distribution  of  Force  in  Magnets.  —  The  force 
with  which  a  magnet  attracts  iron  is  not  the  same  in  all  of 
its  parts.  The  attraction  is  strongest  at  its  extremities,  from 
which  it  decreases  towards  its  middle,  where  it  is  nothing. 


Fig.  323. 

This  may  be  shown  by  plunging  one  end  of  a  magnetized 
bar  into  iron  filings ;  on  withdrawing  it,  the  filings  will  be 
seen  adhering  to  it  in  long  filaments,  as  shown  in  Fig.  322. 
If  the  ei^tire  bar  be  rolled  in  the  filings,  it  will  be  found  that 
they  adhere  to  both  ends,  but  not  to  the  middle. 

The  two  ends,  where  the  attraction  is  strongest,  are  called 
poles^  and  the  central  part,  where  the  attraction  is  nothing,  is 
called  the  equator^  or  the  neutral  line^  and  the  magnet  is  said 
to  exhibit  polarity. 

Every  magnet  has  two  poles  and  one  neutral  line,  whether  the 

magnet  he  natural  or  artificial.     St)metime8,  hesides  the  two  prin- 

'i)al  poles,  there  are  other  minor  pules,  called  secondary  poles.     In 
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artificial  magnets  these  arise  firom  inequality  of  temper  in  the  steel 
bars,  or  from  want  of  proper  care. in  magnetizing  them.  We  shall 
suppose  each  magnet  to  have  but  two  poles. 

We  shall  presently  see  that  a  magnet  when  freely  suspended 
always  assumes  a  position  with  one  pole  pointing  towards  the  north 
and  the  other  towards  the  south.  The  end  pointing  towards  the 
north  is  called  the  north  poUy  and  the  other  end  the  south  pole. 

To  distinguish  between  the  two  poles  of  an  artificial  magnet, 
the  north  pole  end  is  generally  marked  with  a  -|-  sign  or  with  the 
letter  N. 


Fig.  324. 

The  action  of  a  magnet  upon  iron  takes  place  through  intermediate 
bodies.  If  a  magnetized  bar  be  covered  with  a  sheet  of  paper,  and 
then  fine  iron  filings  be  sifted  unifonnly  over  the  paper,  they  will  be 
seen  arranging  themselves  in  regular  curves  around  each  pole,  as 
shown  in  Fig.  323.  No  action  is  observed  about  the  neutral  line, 
the  tilings  falling  there  as  on  any  other  surface. 

470.  Action  between  Magnets.  —  If  we  compare  the 
action  of  the  two  poles  upon  soft  iron,  we  observe  the  same 
phenomena,  —  both  will  attract  ordinary  iron.  It  is  not  so, 
however,  when  we  compare  the  action  of  two  magnets  upon 
each  other.     If  to  the  same  pole  of  a  magnetic  needle,  a  b^ 
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balanced  on  a  pivot  (Fig.  324),  we  present  in  succession  tte 
two  poles  of  a  magnetized  bar,  held  in  the  hand,  we  observe 
the  curious  phenomena  that  if  the  pole,  a,  of  the  needle  is 
attracted  by  the  pole,  B^  of  the  bar,  the  pole,  ^,  will  be  re- 
pelled by  it ;  if  the  pole,  a,  is  repelled,  the  pole,  6,  will  be 
attracted. 

471.  Hence  the  following  law :  Like  poles  repely  cmd  unlike 
attract  each  other, 

472.  Effect  when  a  Magnet  is  broken.  —  If  we  break 
a  magnet  into  pieces,  every  piece  becomes  a  perfect  magnet 
with  its  two  poles  and  neutral  line,  as  shown  in  Fig.  325.    If, 


*^ 


Fig.  326. 

now,  these  pieces  are  still  further  divided,  the  number  of  mag- 
nets will  be  equal  to  the  number  of  divisions,  and  so  on  in- 
definitely. Thus,  we  cannot  resist  the  conclusion  that  each 
molecule  is  a  magnet  complete  in  all  its  parts. 

In  Fig.  326  we  have  a  magnet,  NS,  showing  the  polarized  mole- 
£«     cules,   the  white  halves  repre- 
senting  one  pole,  the  north  or 


Fig.  326.  positive  pole,  and  the  black  the 

south  or  negative  pole. 

The  opposite  polarities  neutralize  each  other  at  the  centre,  but 
strongly  manifest  themselves  at  the  ends  of  the  magnet. 

All  the  molecules  exact  a  positive  force  towards  N  and  a  negative 
towards  S. 

473.  Magnetic  and  Diamagnetic  Bodies.  —  Magnetic 
substances  are  those  which  are  attracted  by  a  magnet,  as 
iron,  steel,  nickel,  and  cobalt.  By  using  ver}'  powerful 
magnets  Faraday  found  that  certain  substances  are  repelled 
by  magnets,  such  as  bismuth,  antimony,  zinc,  tin,  mercury, 
lead,  silver,  copper,  gold,  and  arsenic.  These  are  called 
diamagnetic. 
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The  greatest  degree  of  repulsion  is  seen  in  bismuth,  and 
attraction  in  iron.  But  the  repulsion  between  the  magnet 
and  bismuth  is  not  so  strong  as  the  atti-action  between  the 
magnet  and  iron. 

474.  Magnetism  by  Induction.  —  If  a  ring  of  soft  iron 
be  presented  to  a*  mag- 
net, as  an  iron  ring,  it 
converts  it  into  a  mag- 
net. If  a  second  ring 
be  presented  to  the  fii'st, 
it  is  in  like  manner  con- 
verted into  a  magnet, 
and  so  on  for  a  third, 

fourth,  etc.     The  mag-    ^  ^'S-  ^'^• 

nets  thus  formed  adhere  to  one  another,  as  shown  in  Fig. 
327.  If  the  bar  be  removed,  the  rings  cease  to  be  magnets, 
the  chain  falls  to  pieces,  and  the  rings  separate.  This  mode 
of  exciting  magnetic  phenomena  is  called  magnetizing  by 
induction. 

Induction  can  be  explained  by  supposing  that  in  the  unmagnetized 
rings  the  two  opposite  or  polar  forces  neutralize  each  other,  and  no 
magnetic  action  is  exhibited ;  but  when  they  are  brought  near  the 
magnet  these  forces  separate,  and  each  ring  becomes  a  magnet,  and 
unlike  poles  attract  one  another,  as  seen  in  the  figure.  The  inducing 
magnet  loses  none  of  its  magnetic  force. 

475.  The  Coercive  Force.  —  Soft  iron  brought  in  con- 
tact with  a  bar  magnet  becomes  a  magnet  instantly,  and  on 
being  removed  returns  to  its  neutral  condition,  ceasing  to  be 
a  magnet.  With  hardened  steel  the  reverse  is  the  case ;  it 
takes  considerable  force  and  some  time  to  render  it  a  magnet, 
and  on  being  removed  from  the  bar  it  continues  to  be  a  mag- 
net. To  make  the  magnetism  complete  in  steel,  it  must  be 
rubbed  with  one  of  the  poles  of  a  magnet. 

Tliis  force  which  offers  a  resistance  to  the  separation  of  the  two 
polarities  in  magnetic  bodies,  anid  also  tends  to  prevent  a  recombina- 
tion when  once  separated,  is  called  the  coercive  force. 
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Summary.  — 

Nature  of  Electricity. 

How  Manifested. 

Characterized  by  Polarity. 

How  Divided. 
Natural  and  Artificial  Magnets, 

Definition  of  each. 

Permanent  and  Temporary  Magnets, 

Forms  of  Artificial  Magnets. 
Distribution  of  Force  in  Magnets, 

Polarity  proved  by  Experiment. 

Position  assumed  by  Magnet  when  freely  suspended. 

Action  of  a  Magnet  through  Bodies  proved  by  Experiment 
Action  between  Magnets. 

Shown  by  Experiment. 

Law  of  Magnetic  Attraction  and  Repulsion. 
Effect  when  a  Magnet  is  broken. 

Every  Piece  a  New  Magnet. 
Illustrated  by  Figure. 

Polarized  Molecules  illustrated  by  Figure. 
Magnetic  and  I>iamagnetic  Bodies. 

Definition  and  Examples  of  each  ClasB. 
Magnetism  by  Induction. 

Illustrated  by  Figure. 

Explanation  of  Induction. 
Coercive  Force. 

Illustrated  and  defined. 


SECTION    II. TERRESTRIAL   MAGNETISM. COMPASSES. 

476.  Directive  Force  of  Magnets.  —  When  a  perma- 
nent magnet  is  balanced  so  that  it  can  turn  freely  in  a  hori- 
zontal direction,  it  assumes,  after  a  few  oscillations,  a  deter- 
minate direction,  which  is  very  nearly  north  and  south. 

Fig.  328  shows  the  manner  of  balancing  a  needle,  and  in- 
dicates the  north  and  south  direction  which  it  assumes. 
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Fig.  328. 


If,  instead  of  mounting  the  needle  on  a  pivot,  it  be  at- 
tached to  a  piece  of  cork  and  placed  in  a  vessel  of  water,  so 
that  the  needle  may  float  in  a 
horizontal  position  ,it  will  turn 
itself  slowly  around  and  come 
to  rest  in  the  same  general 
direction  as  though  it  were 
balanced  on  a  pivot.  In  this 
experiment  it  will  be  found 
that  the  needle  once  in  the 
meridian  does  not  advance 
either  towards  the  north  or 
south.  Hence  we  infer  that 
the  force  exerted  upon  the 
needle  is  simply  a  directive 
one. 

The  force  which  causes  a  movable  magnet  to  direct  itself 
north  and  south  is  called  the  directive  force. 

Since  the  phenomenon  described  takes  place  at  all  points  of  the 
earth's  surface,  the  earth  has  been  regarded  as  an  immense  magnet, 
havihg  its  north  and  south  poles  near  the  north  and  south  poles  of  the 
earth,  and  a  neutral  hne  near  the  equator.  This  immense  magnet, 
acting  upon  the  smaller  magnets  described,  would  produce  all  of  the 
effects  observed.  When  we  come  to  explain  the  action  of  electric 
currents,  it  will  be  seen  that  there  is  another  explanation  of  the  direc- 
tive  power  of  the  earth. 

According  to  the  law  that  like  poles  repel  and  unlike  attract^  the 
pole,  Af  in  the  figure  is  really  the  south  pole,  and  the  pole,  B,  the 
north  pole  of  the  needle. 

But  in  practice  it  is  generally  customary  to  call  the  end  of  the 
magnet  pointing  towards  the  north,  the  north  pole j  and  the  one  point- 
ing towards  the  south,  the  south  pole, 

477.  Magnetic  Meridian. — Declination. — Variations. 
— When  a  balanced  magnetic  needle  comes  to  a  state  of  rest, 
it  points  out  the  line  of  magnetic  north  and  south.  If  a  plane 
be  passed  through  the  needle  in  this  position  and  the  centre 


Digitized 


by  Google 


412  ELECTRICITY. 

of  the  earth,  it  is  called  the  plane  of  the  magnetic  meridian^ 
or  simply  the  magnetic  meridian. 

This  does  not,  in  general,  coincide  with  the  plane  of  the 
true  meridian,  which  is  determined  by  a  plane  passing  through 
the  place  and  tiie  axis  of  the  earth.  The  angle  which  the 
magnetic  meridian  at  any  place  makes  with  the  true  meridian 
of  the  same  place  is  called  the  declination  of  the  needle.  In 
short,  the  declination  of  the  needle  is  its  variation  from  true 
north  and  south.  This  is  different  at  different  places  on  the 
earth,  and  even  at  the  same  place  at  different  times. 

When  the  north  end  of  the  needle  points  to  the  east  of 
true  north,  the  declination  is  said  to  \)q  to  the  east ;  when  to 
the  west  of  true  north  the  declination  is  said  to  be  to  tlie 
west. 

There  is  a  line  running  from  near  Cleveland,  Ohio,  to 
Charleston,  S.  C,  along  which  the  needle  points  to  the  true 
north ;  this  is  called  a  line  of  no  declination. 

The  line  of  no  declination  is  travelling  slowly  to  the  westward  at 
a  rate  which  would  carry  it  around  the  globe  in  about  1000  years. 
For  all  points  of  the  United  States  east  of  the  line  of  no  declination, 
the  declination  of  the  needle  is  to  the  west ;  for  all  points  to  the  west 
of  it,  the  declination  is  to  the  east ;  that  is,  the  north  end  of  the  needle 
in  all  cases  is  inclined  towards  the  line  (A  no  declination. 

For  all  points  in  the  United  States  to  the  east  of  the  line  of  no 
declination,  the  declination  is  slowly  increasing,  while  for  all  points 
to  the  west  of  it,  the  declination  is  slowly  decreasing. 

Besides  this  slow  change  in  declination,  the  needle  under- 
goes slight  changes,  some  of  which  are  pretty  regular  and 
others  very  irregular.  In  our  latitude  the  north  end  of  the 
needle  moves  towai-ds  the  west  during  the  early  part  of  every 
day,  through  an  angle  of  ten  or  fifteen  minutes,  and  moves 
back  again  during  the  latter  part  of  the  day.  This  is  called 
the  diurnal  variation.  In  the  southern  hemisphere  this  motion 
is  reversed.  There  is  also  a  small  change  of  similar  character 
which  takes  place  every  3'ear,  called  the  annual  variation. 

Irregular  changes  are  called  perturbations.     They  usually  take 
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place  during  thander-stornis,  daring  the  appearance  of  the  aurora 
iMirealis,  and  in  g^ieral,  when  there  is  any  sudden  change  in  the 
^ectrical  condition  of  the  atmosphere. 

478.  The  Compass.  —  The  property  possessed  by  mag- 
nets of  arranging  themselves  in  the  magnetic  meridian  has 
been  utilized  in  the  construction  of  Compasses. 


Fig.  329. 

Fig.  329  represents  a  compass.  It  consists  of  a  compass- 
box,  haying  a  pivot  at  its  centre,  on  which  is  poised  a  delicate 
magnetic  needle.  Around  the  rim  of  the  box  is  a  graduated 
circle,  whose  diameter  is  somewhat  less  than  the  length  of 
the  needle,  and  of  which  the  pin  is  the  centre.  The  pin  is 
of  hard  steel,  carefully  pointed ;  a  piece  of  hard  stone  is  let 
into  the  needle,  in  which  is  a  conical  hole  to  rest  upon  the 
pivot,  to  diminish  the  friction  between  the  needle  and  its 
support.  In  addition  to  the  graduation  on  the  circle,  the 
bottom  of  the  box  is  divided  into  sixteen  equal  parts,  indi- 
cating the  points  of  the  comjxxss. 
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This  instrament  under  various  forms  is  used  for  a  great  variety 
of  purposes.  It  is  used  in  navigation,  in  surveying,  and  is  of 
importance  to  the  traveller  and  explorer,  to  say  nothing  of  its  use 
in  mining. 

The  magnetic  declination  at  any  place  may  easily  be  found  when 
the  true  meridian  is  known.  This  is  found  by  astronomical  metiiods, 
by  taking  observations  of  the  north  polar  star,  or  the  sun,  and  an  in- 
strument called  the  declination  compass  is  used.  This  form  of  com- 
pass has  a  telescope  turning  on  a  horizontal  axis  in  a  vertic^  plane. 
Let  the  compass  be  so  placed  that  the  line,  N  S,  coincides  with  the 
true  meridian;  then  when  the  needle  comes  to  rest,  the  reading 
under  the  head  of  the  needle  will  be  the  declination  required.  In  the 
figure,  if  we  suppose  NS  to  be  in  the  true  meridian,  the  declination 
is  19^  west. 


479.  The  Dipping  Needle.  — When  a  steel  needle, 
mounted  as  shown  in  Fig.  328,  is  carefully  balanced  before 
being  magnetized,  it  is  found,  after 
being  magnetized,  to  incline  down- 
wards or  to  dtp.  This  dip  is  towards 
the  north  in  our  latitude ;  that  is,  the 
north  end  of  the  needle  dips  or  in- 
clines. The  defect  of  dipping  in  the 
compass  is  remedied  by  making  the 
other  end  of  the  needle  a  little 
heavier,  by  adding  a  movable  weight, 
as  a  piece  of  wire  wound  round  the. 
needle  and  capable  of  sliding  along 
it. 

To  show  the  dip  and  to  measure 
it,  the  needle  is  mounted  in  the  way 
indicated  in  Fig.  330.  The  needle  is 
suspended  on  a  horizontal  axis,  so 
that  it  can  move  up  and  down  freely, 
and  the  amount  of  the  dip  is  indi- 
cated by  a  graduated  circle  or  quad- 
Fig.  330.  rant.      The    dip    indicated   in   the 
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figure  is  54^,  which  is  the  angle  made  by  the  needle  with  the 
horizon.  At  any  place  the  dip  will  be  the  greatest  possible 
when  the  needle  vibrates  in  the  plane  of  the  magnetic 
meridian. 

The  dip  varies  in  passing  from  place  to  place,  increasing  as  we 
approach  the  magnetic  poles  of  the  earth,  where  the  dip  is  90*^;  that 
is,  the  needle  is  perpendicular  to  the  horizon.  At  the  magnetic 
equator  it  is  horizontal. 

Action  similar  to  that  exerted  by  the  earth  on  the  needle  is 
shown  in  Fig.  331.  We  have  here  three  positions  of  the  dipping 
needle  represented  upon  a  bar  magnet.  At  the  ends  of  the  mag- 
net the  positions  of  the  needle  are  the   same   as  when  over  the 


Fig.  331. 

magnetic  poles  of  the  earth.  The  centre  position  corresponds  to  the 
position  of  the  needle  when  over  the  magnetic  equator.  The  dipping 
needle  follows  the  law  that  unlike  poles  attract  and  hke  repel. 

Summary.  — 

Directive  Force  of  Magnets. 

Illustrated  by  a  Needle  turning  on  a  Pivot. 

Illustrated  by  a  Needle  attached  to  a  Piece  of  Cork 
which  is  floated  on  Water. 

Earth  as  a  Magnet. 

Poles  of  the  Needle. 
Magnetic  Meridian. 

Definition. 
True  Meridian. 

Definition. 
Declination  of  the  Needle, 

Definition. 

East  and  West  Declination 
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Line  of  no  Declination, 

Situation. 

Westward  Progress. 
Diurnal  Variations  of  the  Needle. 
Annual  Variations  of  the  Needle. 
Irregular  Variations  of  the  Needle. 
Compass. 

Construction  and  Use. 

Method  of  finding  the  True  and  Mi^gpaetic  Meridians. 
The  Dipping  Needle. 

Explanations. 

Construction. 

Action  when  appniaching  the  Magnetic  Poles. 

Action  simibr  to  the  Earth's  shown  between  a  Bar 
MagDCt  and  Dipping  Needle. 


SECTION   III. METHODS   OF   IMPARTING  MAGSBHSM. 

480.  Magnetizing  by  Terrestrial  Induction.  —  To 
MAGNETIZE  a  body  is  to  impart  to  it  the  properties  of  a  mag- 
net, that  is,  to  impart  to  it  the  property  of  attracting  magnetic 
bodies. 

The  only  substances  that  can  be  permanently  magnetized 
are  steel  and  the  compound  o^ide  of  iron,  which  constitutes 
the  loadstone.  A  body  capable  of  being  magnetized  may  be 
converted  into  a  magnet  by  the  inductive  influence  of  the 
earth,  or  more  rapidly  by  being  rubbed  by  another  magnet, 
or,  finall}",  by  the  action  of  dynamical  electricity,  in  which 
case  the  operation  is  instantaneous. 

Natural  magnets  owe  their  magnetism  to  the  slow  action 
of  the  earth,  which  polarizes  the  molecules.  The  magnetic 
action  of  the  earth  is  so  great  as  to  be  used  successfully  in 
forming  artificial  magnets. 

To  use  this  principle,  we  place  a  thin  bar  of  iron  in  the 
magnetic  meridian  and  incline  it  to  the  horizon  by  an  angle 
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equal  to  the  dip.  In  this  position  the  earth  acts  upon  it  by 
induction,  the  lower  end  manifesting  south  polarity  (in  our 
latitude) ,  and  the  upper  end,  north. 

The  magnetism  thus  induced  is  only  temporary ;  for  if  the 
bar  be  moved  from  its  position,  the  opposite  polarities  neu- 
tralize each  other.  If,  however,  when  the  bar  is  in  position, 
it  be  struck  smartly  by  a  hammer,  or  if  it  be  violently  twisted, 
sufficient  coercive  force  may  be  developed  to  retain  the  in- 
duced magnetism  for  a  time. 


Fig.  832. 

481.  Magnetizing  by  Friction.  —  Bars  of  steel,  and 
needles  for  compasses,  are  usually  magnetized  by  rubbing 
them  with  othei'  magnets.  The  three  methods  are  called  the 
methods  by  single  touchy  by  separate  touchy  and  b}'^  double 
touch. 

To  magnetize  a  steel  bar  by  single  touchy  we  hold  the  body 
to  be  magnetized  in  one  hand,  and  with  the  other  we  pass 
over  it  a  powerful  bar  magnet,  as  shown  in  Fig.  332.  After 
several  repetitions  of  this  process,  alwaj^s  in  the  same  direc- 
tion, the  steel  is  found  to  possess  all  the  properties  of  a  mag- 
net. These  properties  are  the  more  durable  in  proportion 
to  the  hardness  of  the  steel. 

To  magnetize  a  steel  bar  by  separate  touchy  we  bring  the 
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two  opposite  poles  of  two  magnets  of  equal  force  in  the  middle 
of  the  bar  to  be  magnetized,  and  then  move  them  simulta- 
neousl}'  to  the  opposite  ends  of  the  bar. 

To  magnetize  a  body  by  double  touchy  we  make  use  of  two 
magnetized  bars,  which  are  placed  with  their  opposite  poles 
in  contact  with  the  bar  at  its  middle  point,  being  kept  at  a 
fixed  distance  by  a  piece  of  wood  placed  between,  as  shown 
in-  Fig.  333  ;  the  combined  bars  are  then  moved  alternately 


Fig.  333. 

in  opposite  directions  to  the  two  ends  of  the  bar,  and  the 
operation  is  repeated  several  times,  finishing  in  the  middle 
of  the  bar.  Care  must  be  taken  to  apply  the  same  number  of 
touches  to  each  end  of  the  bar. 

The  method  of  magnetizing  by  dynamical  electricity  will  be 
treated  of  under  the  head  of  Electrical  Currents. 

482.  Magnetic  Battery.  —  Armatures.  —  A  Bundle 
OF  Magnets,  consisting  of  a  group  of  magnetized  bars  united 
so  that  their  poles  of  the  same  names  may  be  coincident,  is 
called  a  magnetic  battery. 

Sometimes  these  bundles  are  composed  of  straight  bars, 
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like  that  shown  in  Fig.  332,  and  sometimes  they  are  curved 
m  the  shape  of  a  horse-shoe,  as  shown  in  Fig.  334. 

Magnets,  if  abandoned  to  themselves,  would  lose  in  a  short 
time  much  of   their  power;   hence 
it  is  that  armatures  are  employed. 

An  Armature  is  a  piece  of  soft 
iron  placed  in  contact  with  the  poles 
of  a  magnet.  Thus,  a  b,  in  Fig.  334, 
is  an  armature. 

The  poles,  acting  by  induction 
upon  the  armature,  convert  it  into  a 
magnet  whose  poles  are  of  the  oppo- 
site kind  to  those  with  which  they 
come  in  contact.  These  two  poles, 
reacting  upon  the  poles  of  the  mag- 
net, A  B^  prevent  the  neutralization 
of  the  two  polar  forces,  and  thus 
preserve  its  magnetism.  The  anna- 
ture  is  sometimes  caUed  a  keeper. 

If  weights  be  attached  to  the  keeper 
till  it  separates  from  the  magnet,  we  can, 
from  the  number  of  pounds  applied, 
judge  of  the  power  of  the  magnet. 

For  many  kinds  of  magnetic  experi- 
ment the  horse-shoe  form  is  preferable. 
It  is  also  the  form  best  adapted  to  the 
application  of  an  armature  or  keeper. 

When  the  magnets  are  in  the  form  of  ^>^'  ^^' 

bars  they  are  arranged  in  pairs,  and  the  armatures  placed  at  the  ends^ 
as  shown  in  Fig.  334. 


Fig.  336. 
The  power  of  a  magnet  is  liable  to  be  lessened  by  heat  or  rough' 
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Summary.  — 

Magnetizing  by  Terrestrial  Indtiction. 

Definition  of  the  Term  Magnetize. 

Substances  that  can  be  permanently  magnetized. 

Methods  of  Magnetizing. 

Natural  Magnets  produced  by  the  Earth's  Action. 

Artificial  Magnets  produced  by  the  Earth's  Action. 

Coercive  Power  increased  by  Percussion  and  Twisting. 
Magnetizing  by  Friction. 

By  Single  Touch. 

By  Separate  Touch. 

By  Double  Touch. 
Magnetic  Battery, 

Definition. 

Illustrated  by  Figure. 
Armatures. 

Definition  and  Use. 

Armature  and  Horse-shoe  Magnet  illustrated  by  Figure. 

Armature  and  Bar  Magnet  illustrated  by  Figure. 


ELECTRICITY. 

Partll.-PRICTIONAL  ELECTRICITY. 
SECTION   I.  —  ELECTRICAL   PROPERTIES. 

483.  Discovery  of  Electrical  Properties.— About 
600  B.  c,  Thales  of  Miletus  observed  that  when  amber  was 
vigorously  rubbed  with  wool,  it  acquired  the  property  of  at- 
tracting light  bodies,  such  as  small  pieces  of  paper,  barbs  of 
quills,  straws,  and  the  like. 

This  was  the  extent  of  the  knowledge  on  the  subject  until 
the  end  of  the  sixteenth  century,  when  William  Gilbert,  an 
English  physician,  called  anew  the  attention  of  scientific  men 
to  the  properties  of  amber,  and  showed  that  a  great  number 
of  other  substances,  such  as  glass,  resin,  silk,  sulphur,  etc.. 
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Fig.  336. 


acquired  the  power  of  attracting  light  bodies,  on  being  rubbed 
with  woollen  cloth  or  cat's  skin. 

To  repeat  these  exx)erimeiits,  rub  a  tube  of  glass  or  a  stick  of 
sealing-wax  with  a  piece  of  woollen  cloth,  then  present  them  to  hght 
bodies,  as  shreds  of  gold-leaf,  barbs  of  quills,  or  fi-agments  of  paper, 
and  the  latter  will  be  seen  to  approach  and  adhere  to  the  excited  glass 
or  sealing-wax.  The  glass  and  sealing-wax  are  then  said  to  be 
electrified.  The  manner 
of  making  these  experi- 
ments is  indicated  in 
Fig.  336. 

It  wiU  be  seen  here- 
after that  resin  and  other 
substances  named  above 
not  only  develop  forc- 
es of  attraction  when 
mbbed,  but  also  they 
become  luminous,  emit 
sparks,  and  display  a 
number  of  other  prop- 
erties, all  of  which  are  known  as  electrical  phenomena. 

Since  the  beginning  of  the  seventeenth  century  the  progress  of 
discovery  in  electricity  has  been  rapid,  and  a  multitude  of  new  facts 
have  been  developed,  which  have  been  so  well  studied  as  to  form  a 
very  extensive  branch  of  natural  science. 

The  Greeks  applied  the  name  elektron  to  amber,  and  hence  the 
name  electricity  was  given  to  the  power  of  attraction  exhibited  by 
this  substance. 

484.  Electroscope.  —  Electrical  Pendulum. — An 
Electroscope  is  an  apparatus  for  showing  when  a  body  is 
electrified. 

The  most  simple  electroscope  is  the  Electrical  Pendu- 
lum, which  consists  of  a  small  ball  of  elder  pith,  suspended 
by  a  fine  silk  thread,  as  shown  in  Fig.  337.  The  thread  is 
fastened  to  the  upper  end  of  a  stem  of  metal,  which  stem  has 
a  support  of  glass. 

To  ascertain  whether  a  body  is  electrified  or  not,  the  pendulum  is 
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presented  to  it;  if  it  is  electrified,  the  pith  ball  will  be  attracted, 
otherwise  not.  When  the  quantity  of  electricity  is  too  small  to  pro- 
duce sensible  attraction  upon  the  pith  ball,  more  delicate  instruments 
are  sometimes  employed. 

485.  Two  Kinds  of  Electricity.  —  That  thei-e  are  two 
kinds  of  electricity  may  be  shown  by  the  action  of  glass  and 
resinous  bodies,  after  being  rubbed,  upon  pith  balls. 

If  a  tube  of  glass  be  rubbed  with  a  piece  of  silk,  and  then 
preiSented  to  the  electrical  pendulum  (Fig.  337),  the  pith  ball 


Fig.  337.  Fig.  338. 

will  at  first  "be  attracted,  and  after  a  short  time  it  will  be  re- 
pelled, as  shown  in  Fig.  338.  The  ball  is  then  charged  with 
the  same  kind  of  electricit}'  as  that  in  the  glass. 

If  now  a  piece  of  a  resinous  body,  as  sealing-wax,  be 
rubbed  with  flannel  and  brought  near  the  excited  pith  ball, 
the  latter  is  immediately  attracted  to  the,  former.  In  like 
manner,  if  the  sealing-wax  be  first  presented  to  the  pendu- 
lum, it  will  be  attracted  and  then  repelled.  If  then  the  glass 
be  brought  near  the  pith  ball,  attraction  will  be  observed. 
This  shows  that  the  action  of  electricity,  as  developed  in  glass 
and  resin,  is  diflTerent,  the  one  repelling  when  the  other 
attracts. 
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The  electricity'  developed  in  rubbing  glass  with  a  piece  of 
silk  has  been  named  vitreous  electricity;  that  developed  by 
rubbing  resin  or  sealing-wax  with  the  flannel  has  been  named 
resinous  electricity.  We  now  use  the  term  positive  (+)  to 
designate  vitreous  electricity,  and  negative  ( — )  to  designate 
resinous, 

486.  The  Gold-Leaf  Electroscope. — When  the  quantity 
of  electricity  is  too  small  to  produce  sensible  attraction  upon 
the  pith  ball,  more  delicate  instruments  are  sometimes  em- 
ployed, like  the  gold-leaf  electroscope. 

It  consists  of  a  glass  bottle  or  jar,  closed  at  the  top  with  a  cork, 
through  which  passes  a 
metallic  rod;  this  ter- 
minates at  the  top  in  a 
ball  of  metal,  and  at  its 
lower  extremity  in  two 
shps  of  gold-leaf.  The 
instrument  is  represented 
in  Fig.  339. 

The  cork  and  the 
whole  top  of  the  bottle 
are  covered  with  a  kind 
of  varnish  made  by  dis- 
solving seaUng-wax  in 
alcohol.  The  varnish  is 
laid  on  with  a  brush, 
and  serves  to  make  the 
bottle  a  better  non-con- 
ductor. This  kind  of 
varaish  is  often  used  in 
electrical  experiments  to 
render  glass  non-con- 
ducting. Glass  in  a  dry 
state  is  a  good  non-conductor,  but  it  is  apt  to  condense  moisture  from 
the  air  so  as  to  become  a  conductor.  Wlien  covered  with  any  resin- 
ous varnish  this  trouble  is  removed. 

487.  Method  of  using  the  Gold-Leaf  Electroscope. — 

To  ascertain  whether  a  body  is  electrified,  we  bring  the  ball  of  the 
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electroscope  near  it.  If  it  is  electrified,  it  acts  upon  the  ball  and  its 
stem  by  induction,  attracting  the  electricity  of  a  contrary  name  into 
the  ball,  and  repelling  that  of  the  same  name  into  the  gold  leaves, 
M'hich,  being  very  light  and  electrified  by  the  same  kind  of  electricity, 
will  diverge.  This  instrument  is  very  sensitive,  showing  the  slightest 
amount  of  electricity. 

To  test  the  Tdnd  of  electricity  in  a  body,  bring  it  near  the  instru- 
ment and  touch  the  ball  with  the  finger  while  under  the  influence  of  the 
body.  This  will  draw  off  the  electricity  of  the  samcname  which  has 
been  developed  by  induction,  and  leave  that  of  a  contrary  name  to  that 
in  the  body,  which  is  held  in  the  ball  by  induction  from  the  electrified 
body.  The  leaves  will  now  collapse,  not  being  electrified.  If  now  the 
finger  be  removed  and  then  the  electrified  body,  the  electricity  retained 
in  the  ball  will  spread  over  the  rod,  leaves,  and  ball,  and  cause  the  leaves 
to  diverge.  Now,  let  a  glass  rod  be  rubbed  with  silk,  so  as  to  excite 
positive  electricity,  and  then  let  it  touch  the  ball  of  the  electroscope. 

If  the  leaves  diverge  more,  the  electricity  in  them  before  was  posi- 
tive, and  that  of  the  body  in  question  was  consequently  negative.  If, 
however,  the  leaves  approach  each  other,  the  electricity  in  them  be- 
fore was  negative,  and  consequently  that  in  the  body  experimented 
upon  was  positive. 

The  metallic  post,  at  the  left  of  the  leaves,  is  connected  with  the 
ground,  and  serves  to  remove  an  excessive  charge  from  the  leaves. 
The  air  in  the  jar  is  kept  dry  by  quicklime  or  some  other  sub- 
stance that  absorbs  moisture  placed  within  it. 

488.  Law  of  Electrical  Action.  —  From  the  results  of 
the  preceding  experiments,  and  also  from  numerous  similar 
ones,  we  have  the  following  law  of  electrical  action :  Two 
bodies  charged  with  the  same  electricity  repel  each  other ;  two 
bodies  charged  with  opposite  electricities  attract  each  other. 

489.  Conductors.  —  Insulators.  —  Conductors,  or  con- 
ducting substances^  are  those  which  permit  electricity  to  pass 
freely  through  them. 

Insulators,  or  non-conducting  substances^  are  those  which 
do  not  permit  electricity  to  pass  freely  through  them. 

.    Electrified  bodies  return  instantly  to  a  neutral  state  when  brought 
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into  contact  with  the  earth,  or  when  placed  upon  supports  of  metal, 
charcoal,  or  any  moist  substance  whatever.  They  remain  in  an 
electrified  condition  for  a  long  time  when  placed  upon  supports  of 
glass,  resin,  sulphur,  or  when  suspended  by  silken  cords. 

From  these  facta  we  conclude  that  metals,  charcoal,  and  the  like, 
permit  the  electricity  to  pass  freely  through  them,  while  glass,  resin, 
sulphur,  etc.  oppose  its  passage.  The  latter  class  of  bodies  are 
not  entirely  incapable  of  conducting  electricity,  but  they  are  ex- 
tremely poor  conductors.  When  an  electrified  body  is  suiTounded 
by  non-cimductors  it  is  said  to  be  insulated^  and  any  non-conducting 
support  of  an  electrified  body  is  therefore  called  an  insulator. 

The  best  conductors  of  electricity  are  the  metals ;  after 
these  come  plumbago,  well-calcined  carbon,  acid  and  saline 
solutions,  water  either  in  a  liquid  or  vaporous  form,  the 
human  body  or  animal  tissues,  vegetable  substances,  and  in 
general,  all  moist  or  humid  substances. 

The  woret  conductors,  or  best  non-conductors,  are  resins, 
gums,  india-rubber,  silk,  glass,  precious  stones,  spirits  of 
turpentine,  oils,  air,  and  gases  when  perfectly  dr}'. 

490.  Hypothesis  of  Two  Electrical  Fluids.  —  To 
account  for  electrical  phenomena  several  theories  have  been 
proposed.  The  two  principal  ones  are  the  one-fluid  theory  of 
Franklin  and  the  two-fluid  theory  of  Symmer. 

The  formermaintains  the  existence  of  only  one  electric  fluid,  whose 
particles  are  self-repellent.  This  fluid  exists  in  all  bodies  in  vary- 
ing proportion.  In  its  natural  state  every  substance  has  exactly  its 
own  quantity ;  but  when  electrical  excitement  occurs,  it  is  positively 
electrified  if  it  has  an  excess  of  its  natural  quantity,  and  negatively 
electrified  if  there  is  a  deficiency.  Equilibrium  is  restored  in  positive 
bodies  by  parting  with  the  excess,  and  in  negative  bodies  by  supply- 
ing the  deficiency  from  surrounding  bodies. 

The  two-fluid  theory  maintains  the  existence  of  two  electric  fluids 
which  exist  in  unexcited  bodies  in  equal  quantities  in  a  state  of  neu- 
tralization. When  separated  they  attract  each  other,  but  the  particles 
of  either  fluid  repel  one  another. 

These  two  fluids  were  at  first  named  the  vitreous  and  the  resinous 
fluids,  but  more  recently  they  have  been  called  the  positive  and  the 
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negative  fluids,  the  vitreous  being  called  positive  and  the  resinous 
negative.  These  names  were  given  by  Franklin,  the  better  to 
express  their  opposite  characters. 

Both  theories  are  gradually  being  abandoned,  although  their  terms 
are  often  used  as  a  matter  of  convenience  in  describing  electrical  phe- 
nomena, but  not  with  the  meaning  originally  intended. 

The  theory  of  Symmer  has  generally  been  preferred  by  physicists 
to  that  of  Franklin. 

Electricity,  as  was  stated  at  the  beginning  of  the  chapter, 
is  undoubtedly  due  to  molecular  motion  of  some  sort,  and  is 
recognized  by  its  manifestations  of  polarity.  We  can  regard 
it  as  a  form  of  energy^  just  as  we  regard  Gravitation,  Cohe- 
sion, Chemical  Afl3nity,  Sound,  Heat,  and  Light  as  only  so 
many  forms  of  energy. 

When  the  two  electricities  are  separated,  the  energy  re- 
quired to  do  the  work  of  separation  is  converted  into  potential 
energ}',  since  the  bodies  charged  with  opposite  electricities  at- 
tract each  other ;  this  potential  energy  becomes  kinetic  when 
the  two  bodies  approach  each  other.  We  shall  see  further  on 
that  this  electrical  energy  can  be  converted  into  other  forms 
of  energy,  as  heat,  light,  and  chemical  separation. 

491.  Two  Kinds  of  Electricity  always  produced 
by  Friction.  —  Whenever  two  bodies  are  rubbed  together, 
both  kinds  of  electricity  are  always  produced  at  the  same  time 
and  in  equal  quantities.  When  glass  is  rubbed  with  silk,  the 
glass  will  manifest  positive  electricity  and  the  silk  negative. 

In  the  following  list  any  substance  becomes  positively  electrified 
when  rubbed  with  any  of  the  bodies  following,  but  negatively  with 
any  of  those  preceding. 

9.  Shellac.         13.  Caoutchouc. 

10.  Resin.  14.  Gutta-percha, 

11.  The  metals.  15.  Gun-cotton. 

12.  Sulphur. 

492.  Electricity  developed  by  other  Causes  than 
Friction.  —  Electricity  may  be  developed  by  pressure  and  cleav- 
age ;  in  fact;  by  any  cause  that  disturbs  the  molecular  arrangement 
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1. 

Cat's-fur. 

5. 

Cotton. 

2. 

Flannel. 

6. 

Silk. 

3. 

Ivory. 

7. 

The  hand. 

4. 

Glass. 

8. 

Wood. 
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of  bodies.  A  crystal  of  Iceland  spar  pressed  between  the  fingers 
becomes  positively  electrified.  When  apiece  of  sugar  is  broken  sud- 
denly in  a  dark  room,  a  feeble  light  is  observable,  which  is  due  to  the 
development  of  electricity  at  the  moment  of  separating  the  molecules. 
If  a  plate  of  mica  be  quickly  split,  electricity  is  developed.  Some 
minerals,  particularly  tommaline  and  topaz,  manifest  electrical  phe- 
nomena on  being  heated. 

This  fact  was  first  discovered  in  the  case  of  tourmaline,  which  first 
attracts  and  then  repels  hot  ashes  when  placed  among  them.  The 
electricity  produced  by  the  methods  just  mentioned  is  similar  in  its 
action  to  that  produced  by  friction.  Frictional  electricity  is  some- 
times called  statical  electricity  because  it  can  be  retained  for  some 
time  on  excited  bodies.  Electricity  produced  by  chemical  composi- 
tions and  decompositions  of  bodies  will  be  considered  under  Dynami- 
cal Electricity. 

493.  Methods  of  electrifjdng  Bodies.  —  Non-con- 
ducting bodies  are  electrified  only  by  friction,  but  conductors 
may  be  electrified  either  b}'^  friction,  by  contact,  or  by 
induction. 

In  order  to  electrify  a  metal,  it  must  be  insulated ;  that  is, 
it  must  be  surrounded  by  non-conducting  bodies,  and  it  must 
be  rubbed  by  an  insulated  body. 

This  may  be  effected  by  mounting  the  metal  upon  a  stand  of  glass 
and  rubbing  it  with  a  non-conductor,  such  as  a  piece  of  silk.  Were 
the  metal  not  insulated,  the  electricity  would  go  to  the  earth  as  fast 
as  generated,  and  were  the  rubbing  body  not  a  non-conductor,  the 
electricity  would  pass  off  through  the  hands  and  arms  of  the  experi- 
menter. 

The  method  of  electrifying  by  contact  depends  upon  the  property 
of  conductibUity.  If  a  conductor  is  brought  in  contact  with  an  elec- 
trified body,  a  portion  of  the  electricity  of  the  latter  is  at  once  im- 
parted to  the  former  body.  If  the  two  bodies  are  exactly  alike,  the 
electricity  will  be  equally  distributed  over  both.  If  they  differ  in  size 
or  in  shape,  the  electricity  will  not  be  equally  distributed  over  both. 

The  method  of  electrifying  bodies  by  induction  is  similar  to  that 
of  magnetizing  bodies  by  induction,  and  will  be  treated  hereafter. 

494*  Accumulation  of  Electricity  on  the  Surface 
of  Bodies.  —  Experiment  shows  that  when  a  body  is  electri- 

Digitized  by  VjOOQIC 


428 


ELECTRICITY, 


fied,  the  electricity  all  goes  to  the  surface  of  the  body,  where 
it  exists  in  a  thin  layer,  tending  eontinuallj^  to  escai>e.  It 
actually  does  escape  as  soon  as  it  finds  an  outlet  tlirongh  a 
conducting  body. 

Of  the  various  experiments  intended  to  show  this  fact,  we 
select  one  that  was  first  performed  b}'  Coulomb.  He  mounted 
a  copper  sphere  upon  an  insulating  rod  of  glass,  as  shown  in 


Fig.  340. 
Fig.  340.  He  then  provided  two  hollow  hemispheres  also  of 
copper,  which,  when  put  together,  exactly  fitted  the  first 
sphere,  and  these  he  insulated  by  attaching  them  to  glass 
handles.  Having  placed  the  hemisphere  so  as  to  cover  the 
solid  sphere,  he  brought  the  whole  apparatus  in  contact  with 
an  electrified  body  till  it  was  fully  charged. 

On  removing  the  apparatus  from  the  electrified  body,  he  separated 
the  two  hemispheres  abruptly,  and  apphed  to  each  in  turn  the  eleo- 
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trical  pendulum,  when  he  found  that  both  were  electrified.  On 
testing  the  solid  sphere  in  like  manner,  he  could  discover  no  trace  of 
electricity;  in  other  words,  it  was  perfectly  neutral.  In  taking  away 
from  the  body  its  outer  coating,  he  had  removed  every  particle  of 
its  elet^ricity,  which  proved  that  the  electricity  was  entirely  upon  the 
surface. 

Another  fact  which  indicates  the  same  conclusion  is,  that  a  hollow 
and  a  solid  sphere  of  the  same  size  and  of  the  same  material  will  be 
charged  with  exactly  the  same  quantity  of  electricity  when  made  to 
communicate  with  the  same  electrical  source. 

The  following  experiment  was  invented  by  Faraday  to 
prove  that  electricity  is  confined  to  the  surface  of  bodies.  A 
metallic  ring  (Fig.  341)  is  fixed 
upon  an  insulating  stand ;  attaclied 
to  this  is  a  conical  linen  bag.  A 
silk  thread  passes  through  the  apex 
of  the  cone,  so  that  the  bag  can  be 
turned  inside  out  as  often  as  neces- 
sary without  discharging  the  elec- 
tricity. When  the  bag  is  electrified 
the  electricity  is  found  to  be  on  the 
outside,  and  if  we  turn  it  inside  out 
the  same  is  true. 

There  are  two  exceptions  to  this  rule.  ^^' 

A  hollow  wire  will  not  conduct  electricity  as  well  as  a  solid  one  of 
the  same  diameter.  Electricity  may  be  induced  on  the  inner  surface 
of  a  hollow  conductor,  if  we  place  within  it  an  electrified  body  insu- 
lated from  the  conductor. 

495.  Tension  of  Electricity. — When  electricity  is  ac- 
cumulated upon  the  surface  of  a  body,  it  tends  to  escape  with 
a  certain  force,  which  is  named  the  tension. 

The  tension  augments  with  the  quantity  of  electricity  accumulated. 
So  long  as  it  does  not  pass  a  certain  limit,  it  is  held  by  the  resistance 
of  the  air,  but  if  the  tension  passes  this  limit,  the  electricity  escapes 
with  a  crackling  noise  and  a  brilliant  light  called  the  electric  spark.  In 
moist  air  the  tension  is  not  as  great  as  in  dry  air,  because  some  of  tb 
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electricity  is  slowly  conveyed  away  by  the  moisture.  Sir  W.  Thom- 
son asserts  that  the  electricity  is  conveyed  away  more  by  the  film  of 
moisture  on  the  insulators  than  by  the  dampness  in  the  air.  In  a 
vacuum  there  is  no  resistance  to  the  escape  of  electricity,  and  the 
tension  is  nothing.  The  electricity  in  this  case  passes  off  as  fast  as 
generated,  with  a  feeble  light. 

496.  Influence  of  the  Forms  of  Bodies.  —  Power 
of  Points.  —  The  distribution  of  electricity  over  the  surfaces 
of  bodies  depends  upon  their  form.  If  a  bod}^  is  spherical,  the 
fluid  is  equally  distributed,  as  may  be  shown  by  an  instrument 
called  a  proof -'plane. 


Fig.  342. 

The  proof-plane  consists  of  a  disk  of  gilt  paper  attached  to  the  end 
of  a  rod  of  gumlac,  which  insulates  well.  Taking  the  rod  in  the 
hand,  as  shown  in  Fig.  342,  it  is  applied  successively  at  different 
points  of  the  electrified  surface,  and  after  each  contact  it  is  presented 
to  the  electrical  pendulum. 

If  the  electrified  body  is  a  sphere,  the  same  amount  of  at- 
traction for  the  pith  ball  is  shown,  wherever  the  contact  may 
be  made ;  this  shows  that  the  proof-plane  is  equally  charged 
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at  every  point  of  the  sphere,  and  consequently  it  is  inferred 
that  the  distribution  is  uniform  over  the  whole  surface. 

When  the  body  is  elongated  and  pointed,  as  in  Fig.  342, 
different  results  are  obtained.  In  this  case  the  proof-plane  is 
more  highly  charged  at  the  sharp  end  of  the  body  than  at  any 
other  point,  showing  a  larger  amount  of  electricity  at  the 
point  than  elsewhere. 

In  general,  it  may  be  shown  that  the  greater  the  curvature  of  a 
surfa<5e  at  any  part,  that  is,  the  nearer  it  approaches  a  point,  the 
greater  will  be  the  accumulation  of  electricity  there. 

This  shows  that  electricity  tends  to  accumulate  at,  or  to 
flow  towards  the  pointed  portions  of  bodies. 

Summary.  — 

Discovery  of  Electrical  Properties, 

By  Thales  of  Miletus,  in  Amber. 

By  Dr.  Gilbert,  in  Glass,  Resin,  Silk,  etc. 

Method  of  developing  Electricity  by  Friction  illustrated 
by  Figure. 

Origin  of  the  Name. 
The  Electroscope. 

Definition. 

Electrical  Pendulum. 

Description. 

Method  of  ascertaining  whether  a  Body  is  electrified. 
Two  Kinds  of  Electricity. 

Shown  by  the  Electrical  Pendulum   and  illustrated  by 
Figure. 

Vitreous,  or  Positive  Electricity;  Resinous,  or  Negative 
Electricity. 
Grold'Leaf  Electroscope. 

Description. 

Method  of  using  the  Gold-Leaf  Electroscope. 

Illustrated  by  Figure. 
Law  of  Electrical  Action. 
Condtictors  and  Insulators. 

Definitions. 

Illustrations. 

Examples  of  Good  and  Poor  Conductors. 
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Hypothesis  of  two  Electrical  Fluids, 

Franklin^s  Theory  explained. 

Symmer^s  Theory  explained. 

Their  Gradual  Abandonment. 

Relation  of  Electricity  to  Energy. 

Examples. 
Two  Kinds  of  Electricity  always  prodtAced  by  Friction. 

Experiment  with  Glass  and  Silk. 

List   of    Substances   that  will    produce    Electricity  by 
Friction. 
Electricity  produced  by  other  Causes  than  Friction. 

By  Pressure,  Cleavage,  Heat,  and  Chemical  Composi- 
tion and  Decomposition. 
Method  of  electrifying  Bodies. 

Conductors  and  Non- Conductors. 

Electrifying  by  Contact. 
Accumulation  of  Electricity  on  the  Surface  of  Bodies, 

Illustrated  by  Figure  of  Hemispheres  and  Globe. 

Faraday's  Experiment  illustrated  by  Figure. 
Tension  of  Electricity. 

Definition  and  Explanations. 
Influence  of   the  Forms  of  Bodies  on  the  Distribution  of 
Electricity. 

In  the  Case  of  a  Sphere. 

When  the  Body  is  Elongated  or  Pointed. 


SECTION  II.  —  PRINCIPLE  OP  INDUCTION.  —  ELECTRICAL  MACHINES. 

497.  Induction.  —  If  an  insulated  conductor  in  a  neutral 
state  is  brought  near  an  electrified  body,  but  not  so  near  as  to 
have  a  spark  pass  between  them,  the  latter,  acting  upon  the 
former,  separates  the  two  kinds  of  electricities,  repelling  the 
same  kind  and  attracting  the  opposite  kind.  This  operation 
Is  called  Induction,  and  it  may  take  place  not  only  at  con- 
siderable distances,  but  also  through  non-conducting  bodies, 
such  as  air,  glass,  and  the  like. 

The  method  of  electrifying  bodies  by  induction  is  shown  in 
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Fig.  343.  On  the  right  of  the  figure  is  the  prime  conductor 
of  an  electrical  machine,  which,  as  we  shall  see  hereafter,  is 
charged  with  positive  electricity.  On  the  left  is  a  metallic 
cylinder  with  spherical  ends,  and  supported  by  a  rod  of  glass. 
Attached  to  its  lower  surface,  at  intei-vals,  are  pairs  of  pith- 
ball  pendulums,  supported  by  threads  of  some  conducting 
substance. 

When  the  cylinder  is 
brought  slowly  towards 
the  electrical  machine, 
we  see  the  pith  balls  re- 
pel each  other  and  di- 
verge. This  divergence 
is  unequal  at  diflTerent 
points,  being  greatest 
near  the  extremities  of 
the  cylinder;  towards 
the  middle  of  the  cylin- 
der the  pith  balls  remain 
in  contact  without  repel-  ^^^'  ^^• 

ling  each  other.  We  conclude  from  these  facts  that  the  elec- 
tricities  are  driven  towards  the  extremities  of  the  cylinder, 
while  the  central  portion  remains  in  a  neutral  state,  thus 
showing  polarity  as  in  the  action  of  a  magnet  on  soft  iron. 

If  a  stick  of  resin  be  rubbed  with  silk  and  brought  near  the  pith 
balls  towards  the  electrical  machine,  they  will  be  repelled,  showing 
that  that  end  of  the  cylinder  is  negatively  electrified.  If  it  is  brought 
near  the  pith  balls  at  the  remote  extremity  of  the  cylinder,  they  are 
attracted,  showing  that  that  end  of  the  cylinder  is  positively  electri- 
fied. Finally,  the  electricities  in  the  two  ends  are  equal  in  quantity, 
as  may  be  shown  by  removing  the  cylinder,  when  they  neutralize 
each  other. 

The  positive  electricity  of  the  machine,  then,  simply  acts  to  sep- 
arate the  two  fluids,  attracting  the  negative  fluid  to  the  end  nearest 
it,  and  repelling  the  positive  fluid  to  the  opposite  end  of  the  cylinder. 
No  electricity  passes  from  the  electrified  body  to  the  one  in  a  neutral 
BUiXe  when  induction  takes  place. 
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498.  Faraday's  Theory  of  Induction.  —  Faraday  as- 
sumes in  his  theory  that  electricity  polarized  all  the  mole- 

Ocuies  of  bodies  and  the  surrounding  medium.  The 
molecules  of  good  non-conductors  retain  their  elec- 
tricity, but  those  of  good  conductors  discharge  it  fi*om 
one  molecule  to  another.  Let  P  (Fig.  344)  repre- 
sent the  end  of  the  prime  conductor  in  Fig.  343, 
which  is  charged  with  positive  electricity,  and  N  the 

0end  of  the  small  conductor.  The  small  circles  be- 
tween represent  molecules  of  air,  the  white  halves  the 
l^ositive  sides  and  the  black  the  negative. 
Fig.  344.  r^YiQ  couductor  P  polarizes  the  molecules  of  air  next  to  it  j 
these  in  turn  polarize  the  succcecUng  ones,  and  so  on,  until  all  are 
polarized.  Being  non-conductors,  however,  they  retain  their  elec- 
tricities. When  N  is  reached,  being  a  conductor,  there  is  a  discharge 
between  successive  molecules,  until  the  negative  electricity  collects 
at  one  end  and  the  positive  at  the  other. 

499.  The  Electrophorus. — The  Electrophobus  is  a 
machine  due  to  Volta,  by  means  of  which  we  may  obtain 
considerable  quantities  of  electricity. 

It  consists  of  two  pieces,  —  one  a  plate  of  resin  spread  on 

a  table  of  wood,  and  the 
other  a  wooden  plate  cov- 
ered with  tin-foil,  and 
provided  with  an  insulat- 
ing handle  of  glass.  It 
is  represented  in  Figs. 
345-347. 

To  use  this  instrument, 
we  begin  by  rubbing  the 
resinous  plate  vigorously 
with  a  cat's  skin,  as  shown 
in  Fig.  345.  This  de- 
velops negative  electricity 
in  the  resin.  We  then 
The  plate  of  resin 


Fig.  345. 
appb'  the  disk,  holding  it  by  its  handle 
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acts  upon  the  disk  b}'  induction,  drawing  the  positive  elec- 
tricity to  the  tin-foil  on  its  lower  face,  and  repelling  the  nega- 
tive electricity  to  the  foil  on  the  upper  face. 

In  this  position,  if  the  upper  face  be  touched  with  the  finger,  as 
shown  in  Fig.  JJ46,  the  negative  electricity  will  be  drawn  off  into  the 
body,  and  the  disk  will  be  charged  with  positive  electricity.  If  the 
disk  be  raised  from  the  resinous  plate  by  its  handle,  and  touched 


Fig.  346.  Fig.  347. 

with  the  knuckle,  as  shown  in  Fig.  347,  a  spark  will  pass,  which  is 
due  to  the  negative  electricity  passing  from  the  body  to  the  positively 
electrified  plate. 

If  now  we  continue  to  repeat  the  manipulation,  exhibited  in  Figs. 
JM6,  347,  a  succession  of  sparks  may  be  obtained  without  the  neces- 
sity of  rubbing  the  resin  again  with  the  cat's  skin.  If  the  air  is  dry, 
the  resin  will  continue  in  an  electrified  state  for  a  very  long  time. 

500.  The  Electrical  Machine.  —  The  Electrical  Ma- 
chine is  a  machine  by  means  of  which  an  unlimited  amount 
of  electricity  may  be  generated  b}'  friction. 

This  machine  was  invented  about  two  hundred  years  ago  by  Otto 
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VON  GUERICKE^  the  distinguished  inventor  of  the  air-pump.  Th» 
first  machine  was  simply  a  ball  of  sulphur  fixed  upon  a  wooden  axis. 
On  turning  the  axis,  and  at  the  same  time  pressing  one  hand  against 
the  ball,  a  quantity  of  frictional  electricity  was  developed. 

One  of  the  best  machines  for  ordinary  purposes  is  the  plate 
machine  represented  in  Fig.  v348. 

The  principal  piece  of  the  machine  is  a  circular  plate  of 
glass,  mounted  upon  a  horizontal  axis  and  turned  b}'  a  crank. 
At  the  right  of  the  plate,  but  so  constructed  as  to  embrace  a 


Fig.  348. 

portion  of  it  as  we  turn  the  crank,  are  two  rubbers^  usuall}'  of 
leather  covered  with  an  amalgam  (a  mixture  of  tin,  zinc,  and 
mercur}^)  which  by  their  friction  develop  electricity'. 

The  brass  cylinder  in  front  of  the  plate  is  called  the  prime 
conductor ;  it  is  insulated  by  a  glass  standard  to  prevent  the 
electricity  from  escaping  to  the  earth.  At  the  end  of  the 
conductor  nearest  the  plate  is  a  piece  called  a  comb,  from 
the  fact  that  a  great  number  of  projecting  teeth  are  placed  on 
its  side  next  the  plate,  but  not  to  touch  it. 

The  silk  bag  serves  to  keep  the  electricity  on  the  plate. 
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The  negative  conductor  is  the  brass  sphere  at  the  r^t  in- 
sulated by  a  glass  standard. 

Finally,  all  of  the  ends  of  the  cylinders  in  the  machine  are 
wrought  into  spherical  forms,  to  prevent  the  dissipation  of 
electricity  as  much  as  possible. 

501.  Use  of  the  Electrical  Machine.  —  When  the 
plate  is  turned  rapidl}',  the  friction  of  the  rubbers  develops 
a  great  quantity  of  positive  electricity  on  the  glass,  and  nega- 
tive on  the  inibbers,  which  is  convej^ed  along  the  chain  to  tlie 
earth,  and  thus  disappears. 

The  positive  electricity  on  the  plate  acts  by  induction  on 
the  prime  conductor,  attracting  its  negative  electricit}.  This 
collects  on  the  teeth  of  the  combs,  and  neutralizes  the  positive 
on  the  glass  plate.  The  prime  conductor,  thus  having  given 
up  its  negative,  remains  charged  with  positive  electricity. 

When  we  want  negative  electricity  we  can  take  the  chain  from 
the  rubbers  and  place  it  on  the  prime  conductor.  The  electricity  will 
then  cx)llect  on  the  negative  conductor. 

If  both  conductors  are  insulated  there  is  very  little  electrical  action, 
as  the  two  electricities  hold  each  other  in  check.  The  plate  gives  up 
mo  electricity  to  the  prime  conductor ;  it  only  attracts  its  negative. 

502.  Holtz's  Electrical  Machine. — The  Holtz  ma- 
chine is  based  on  the  principle  of  continuous  induction.  It 
consists  of  two  circular  glass  plates  (Fig.  349),  about  one 
tenth  of  an  inch  apart.  The  larger  one,  A^  is  fixed  and  in- 
sulated, but  the  smaller  one,  B^  can  be  made  to  revolve  very 
near  it.  In  A  are  two  openings,  or  windows.  Across  these 
and  partly  covering  them  on  the  back  of  the  plate,  J,  are 
glued  two  varnished  papers,  or  armatures,  with  tongues,//', 
which  project  into  the  windows.  Two  metallic  combs,  PP^ 
are  placed  in  front  of  the  armatures,  on  the  other  side  of  the 
plate,  B.  These  combs  are  connected  by  insulated  con- 
ductors with  the  knobs  m  n,  which  may  be  called  the  poles  of 
the  machine. 

The  distance  between  the  knobs  is  regulated  by  the  sliding 
rod  attached  to  the  knob,  m,  which  has  a  wooden  handle. 
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In  operating  the  machine  the  two  knobs  are  first  brought 
together;  one  of  the  armatures,/,  for  instance,  is  negatively 
charged  by  holding  against  it  a  piece  of  vulcanite,  which  has 
previously  been  excited  by  rubbing  it  on  a  cat's  skin  ;  /  then 
induces  positive  electricity  on  the  face  of  B  next  to  it,  and 
negative  on  the  opposite  face.  The  latter  attracts  the  posi- 
tive from  the  comb,  /*,  together  with  that  of  the  conductor  and 


Fig.  349. 

knob,  72,  and  leaves  them  charged  negatively.    The  tongue, 
/,  facilitates  the  passage  of  electricity. 

When  we  turn  the  plate,  B,  which  is  now  charged  with 
positive  electricity,  and  bring  it  opposite  the  armature,/', 
induction  again  takes  place,  the  positive  glass  attracts  nega- 
»tive  electricity  from/',  leaving  it  positively  charged,  at  the 
same  time  negative  electricity  is  drawn  through  the  comb, 
P\  leaving  m  positively  charged. 

After  the  plate  is  turned  a  few  seconds,  the  charges  of  the 
knobs  and  armatures  are  strengthened,  and  the  two  knobs,  n 
)ein^  the  negative  pole  and  m  the  positive,  are  then  gradually 
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separated.  A  torrent  of  sparks  will  pass  between  the  two 
knobs.  If  we  connect  one  of  the  poles  with  the  ground  by 
a  chain,  the  other  may  be  used  as  a  prime  conductor. 

This  machine  is  very  much  affected  by  the  moisture  of  the  air, 
although  its  power  is  very  much  greater  than  the  plate  machine,  the 
length  of  the  spark  being  nearly  equal  to  the  radius  of  the  re- 
^  volving  plate. 

503.  Carre's  Dielectric  Machine  has  much  to  recom- 
mend it.  It  is  a  combination  of  the  Holtz  and  the  plate  ma- 
chine. Its  power  is  greater  than  the  plate,  but  much  less 
than  the  Holtz.  Moisture  in  the  air  affects  it  about  the  same 
as  the  plate,  but  less  than  the  Holtz  machine. 

Besides  these  methods  for  producing  electricity,  many  other  ar- 
rangements have  been  devised.  The  hydro-electric  machine  gener- 
ates electricity  by  causing  steam  charged  with  vesicles  of  water  to 
issue  forth  from  jets  attached  to  a  steam-boiler.  The  friction  of 
these  globules  of  water  against  the  surface  of  the  jets  generates  the 
electricity. 

504.  Precautions  in  using  the  Machine.  —  After  the 
prime  conductor  is  electrified,  if  we  cease  to  turn  the  plate,  and  the 
air  is  dry,  a  pith  ball  attached  to  the  prime  conductor  will  descend 
slowly,  showing  a  gradual  dispersion  of  the  electricity.  If  the  air 
is  damp,  the  ball  descends  rapidly,  showing  a  rapid  loss  of  electricity. 
Electrical  experiments  seldom  succeed  in  a  damp  day.  In  order  that 
they  should  be  successful,  the  instrument,  as  well  as  the  surrounding 
atmosphere,  ought  to  be  perfectly  dry. 

Only  a  certain  amount  of  electricity  can  be  retained  on  the  prime 
conductor,  after  which,  if  the  plate  is  turned,  the  tension  becomes  so 
great  that  it  escapes  through  the  earth  or  along  the  glass  legs  of  the 
conductor,  and  all  that  is  generated  continues  thenceforth  to  be  dissi- 
pated. The  pith  ball  indicates  that  the  instrument  is  fully  charged 
by  ceasing  to  rise,  and  remaining  stationary  as  the  plate  is  turned. 

505.  Electrical  Condenser.  —  An  Electrical  Conden- 
ser is  an  apparatus  employed  for  the  accumulation  of  elec- 
tricity. They  are  of  various  forms,  but  are  all  essentially 
composed  of  two  conductors,  separated  by  an  insulator. 
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One  of  the  simplest  and  most  convenient  forms  is  the  Ley- 
den  jar,  which  will  be  described  in  the  following  article. 

506.  The  Leyden  Jar  is  named  from  the  city  where  it 
was  invented.  In  its  improved  form  it  consists  of  a  bottle 
or  jar  of  thin  glass,  as  shown  in  Fig.  350,  nearlj'  covered  on 
its  outside  and  inside  with  tin-foil.  A  wire  passing  through 
a  cover  of  varnished  wood  extends  to  the  inner  coating  of  tin- 
foil, and  terminates  externally  in  a  sphere  of  metal  called  the 
button. 

The  Leyden  jar  is  charged  by  holding  the  outer  tinned  part 
in  the  hand,  and  bringing  the  but- 
ton in  contact  with  the  prime  con- 
ductor of  an  electrical  machine. 
The  positive  electricity  is  accumu- 
lated in  the  interior,  and  acts  hy 
induction  upon  the  outer  coating, 
which  becomes  negative,  the  posi- 
tive electricity  in  that  coating  being 
conveyed  away  by  the  hand  through 
the  bod}-.  As  in  the  condenser,  the 
two  forces  react  so  as  to  accumulate 

a  large  quantity  of  positive  electricity  on  the  inside  of  the  jar, 

and  of  negative  electricity  on  the  outside. 

After  the  jar  has  been  charged,  if  it  be  held  in  one  hand  while  the 
other  is  brought  in  contact  with  the  button,  a  sensation  will  be  felt 
through  the  arms  and  body,  called  the  electric  shock,  and  the  jar  will 
return  to  its  neutral  state.  When  it  is  desirable  to  discharge  the  jar 
without  the  shock,  the  discharger  is  used,  as  shown  in  Fig.  350. 
One  ball  of  the  discharger  is  made  to  touch  the  outer  coating,  and 
the  other  is  then  brought  in  contact  with  the  button.  In  this  case 
there  is  a  spark  emitted,  and  the  jar  returns  to  its  neutral  condition. 

507.  Electrical  Battery.  —  An  Electrical  Battery 
consists  of  an  assemblage  of  Lej'den  jars,  so  connected  as  to 
act  like  a  single  condenser,  as  shown  in  Fig.  351.  The  jars 
are  placed  in  a  box  whose  bottom  is  lined  with  metal,  which 
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serves  to  connect  their  outside  suiiaces.  Their  inside  sur- 
faces are  brought  into  communication  by  connecting  the  sev- 
eral buttons  with  metallic  rods. 

In  batteries  the  jars  are  made  large,  and  are  covered  within  and 
without  with  tin-foil,  the  interior  lining  being  brought  into  commu- 
nication with  the  button  of  each  jar  by  a  metallic  chain.    Upon  one 


Fig.  361. 
of  the  buttons  is  placed  an  electrical  pendulum,  which  indicates  the 
excess  of  the  fluid  on  the  inner  over  that  on  the  outer  surface. 

The  battery  is  charged  by  attaching  a  bar,  a  portion  of  which  is 
•een  in  the  figure,  or  chain  to  the  knob  of  one 
of  the  jars,  and  also  to  the  prime  conductor. 

508.  Leyden  Jar  with  Movable 
Coatings.  —  The  tin-foil  coatings  of  the 
Leyden  jar  act  merely  as  conductors,  and 
the  opposite  electricities  reside  chiefly  on 
the  opposite  surfaces  of  the  glass.  Fig. 
352  represents  a  jar  with  movable  coat- 
ings. When  the  jar  is  charged  it  is  placed 
on  an  insulating  stand. 

The  pieces  are  taken  apart,  as  shown 
in  the  figure,  and  the  two  coatings  are  found 
to  contain  little  or  no  electricity.  But  when 
the  parts  are  put  together  again,  a  charge 
may  be  received  from  it  almost  as  great  as  it 
would  have  given  if  the  coatings  had  not  been 
removed. 
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SECTION    III.  —  EXPERIMENTS   WITH   THE   ELECTRIC  MACHINE. 

509.  Electrical  Spark.  —  Electrical  Shock.  —  An 
Electrical  Spark  is  a  brilliant  flash  of  light  which  passes 
when  a  conductor  approaches  a  highly  electrified  bod3\ 

The  spark  produced  in  discharging  the  Leyden  jar,  and  the 
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shock  felt  by  the  experimenter  when  it  is  done  with  the  hands, 
were  described  in  treating  of  electrical  condensers.  A  simi- 
lar spark,  but  not  so  brilliant,  can  be  drawn  from  the  prime 
conductor  of  an  electric  machine  when  the  finger  is  presented 
to  it.  A  shock  will  also  be  felt,  but  not  so  violent  as  that 
from  the  jar.     It  is  a  sharp,  prickly  sensation. 

The  spark  arises  from  the  combination  of  the  two  opposite  elec- 
tricities. The  positive  electricity,  acting  at  a  distance  by  induction, 
drives  the  positive  electricity  of  the  hand  to  the  earth,  and  attracts 
the  negative ;  consequently  the  body  of  the  experimenter  becomes 
negatively  electrified.  When  the  tensions  of  the  positive  electricity 
of  the  machine  and  the  negative  electricity  of  the  body  overcome  the 
resistance  of  the  air,  they  rush  together  with  a  sharp  crack  and  a 
bright  light  which  constitutes  the  spark.  When  the  electrical  ma- 
chine is  powerful,  the  sparks  take  a  zigzag  course,  like  lightning 
from  a  storm-cloud. 

510.  The  Electrical  Stool. — A  spark  maybe  drawn 
from  the  human  body  when  properly  electrified.  For  this 
purpose  an  Electrical  Stool,  that  is,  a  stool  insulated  by 
means  of  glass  legs,  is  used.  A  person  standing  on  the 
stool,  and  taking  hold  of  the  prime  conductor,  becomes, 
when  the  plate  is  turned,  positively  electrified.  If  a  sec- 
ond person  now  attempts  to  shake  hands  with  the  first,  a 
shock  will  be  experienced, 
and  a  spark  will  pass  between 
them. 


511.  The  Electrical 
Chime  is  a  collection  of 
bells  that  are  made  to  ring 
b}'  means  of  electrical  attrac- 
tions and  repulsions. 

It  consists,  in  the  case 
shown  in  Fig.  353,  of  three 
bells  suspended  from  a  hori- 
zontal bar  of  wood,  m.     The 


Fig.  353. 
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outer  bells,  b  and  c,  are  suspended  by  metallic  chains,  and  the 
middle  one  b}-  a  silk  cord  ;  the  middle  bell,  moreover,  is  con- 
nected with  the  earth  b\'  means  of  a  metallic  chain.  Between 
the  bells  are  two  balls  of  metal,  suspended  from  the  bar,  m, 
b}^  a  cord  of  silk.  The  entire  apparatus  is  connected  with  the 
prime  conductor  of  an  electrical  machine  by  means  of  the 
rod  at  the  right  of  the  figure. 

When  the  machine  is  turned,  the  outer  bells  become  positively 
electrified,  and  attract  the  balls,  which  impinge  against  them,  become 
electrified,  and  are  immediately  repelled,  stiiking  against  the  middle 
bell,  where  they  lose  their  charge,  and  are  again  attracted  to  the  ex- 
treme bells,  and  again  repelled.  This  alternate  attraction  and  re- 
pulsion of  the  balls  keeps  up  the  ringing  as  long  as  the  plate  is 
turned. 

512.  The  Electrical  Image  consists  of  a  little  figure 
which  is  made  to  dance  by  means  of  electrical  attraction 

and  repulsion. 

It  consists  of  a  light  image, 
made  of  elder  pith,  or  some 
similar  substance,  placed  be- 
tween two  metallic  plates, 
one  of  which  is  in  connec- 
tion with  the  prime  conductor 
of  the  machine,  and  the  other 
with  the  earth  by  means  of 
a  chain,  as  shown  in  Fig. 
354. 

When  the  machine  is  turned, 
the  upper  plate  is  positively 
electrified,  and  attracts  the  im- 
age to  it.  The  image  is  charged 
and  immediately  repelled  to  the 
lower  plate,  where  it  loses  its 
electricity,  and  is  again  attracted 
to  the  upper  plate,  and  so  on, 
/lancing  up  and  down  as  long  as 
the  plate  is  turned. 
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513.   The  Effect  of  Points  in  Electrical  Action.  — 

The  accumulation  of  electricity  at  points  gives  rise  to  a  high  tension, 
which  is  sufficient  to  overcome  the  resistance  of  the  air  and  to  give 
rise  to  an  escaping  current.  In  fact,  metallic  bodies  of  a  pointed 
shape  soon  lose  the  electricity  imparted  to  them,  and  often  the  escap- 
ing current  may  be  felt  by  placing  the  hand  in  front  of  the  point.  If 
a  candle-flame  is  held  near  the  point,  it  will  be  blown  away  from  it. 
If  the  flow  takes  place  in  a  darkened  room,  it  may  be  discovered 
by  a  feathery  jet  of  faint  light. 

The  current  is  formed  by  the  repulsion  of  the  electrified  air  in  the 
vicinity  of  the  point.  The  molecules  are  polarized,  give  up  electri- 
city opposite  to  that  with  which  the  point  is  charged,  which  unites 


Fig.  355. 


with  the  electricity  of  the  point  to  neutralize  it,  and  consequently,  be- 
coming themselves  charged  with  the  same  kind  as  the  point,  are  re- 
pelled, and  new  ones  take  their  places ;  hence  the  cuiTent. 

In  working  an  electric  machine,  all  objects  with  points,  as  angular 
objects,  should  be  avoided.  The  prime  conductor  tends  to  abstract 
from  surrounding  objects  their  negative  electricity,  and  to  return  to 
its  neutral  condition. 

The  effect  of  neighboring  bodies  may  be  illustrated  by  bringing  a 
metallic  point  near  a  charged  prime  conductor.  When  the  point  is 
at  a  considerable  distance  from  the  conductor,  the  pith  ball  on  the 
prime  conductor  begins  to  fall,  showing  a  loss  of  electricity. 

It  is  sometimes  said  that  the  point  draws  off"  the  electricity  from 
the  conductor,  but  this  is  not  the  case ;  the  jwint  abstracts  none  of 
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the  positive  electricity,  but  gives  to  the  conductor  negative  electricity, 
which  unites  with  the  positive  to  neutralize  it. 

If  a  candle  is  placed  on  a  prime  conductor,  and  a  metallic  point 
held  near  it,  the  flame  will  be  blown  away  from  it.  The  current 
arises  in  this  case  from  the  flow  of  air  charged  with  contrary  electri- 
city, to  neutralize  the  electricity  of  the  conductor. 

These  effects  of  points  are  illustrated  in  Fig.  355. 

514.  The  Electrical  Wheel  consists  of  several  arms, 
bent  in  the  same  direction,  and  attached  to  a  small  cap  which 
is  free  to  rotate  about  a  pivot. 

This  pivot  is  attached  to  the  prime  conductor,  or  else  to  a 

metallic  support,  connected 
with  the  conductor.  Fig. 
356  represents  such  a  wheel. 
It  is  a  reaction  wheel,  and 
is  made  to  turn  by  the  es- 
cape of  electncit}'  from  the 
points. 

When  the  plate  of  the  ma- 
chine is  turned,  the  prime  con- 
ductor and  the  wheel  become 
electrified;  the  tension  of  the 
electricity  at  the  points  becomes 
very  great,  and  finally  escapes 
with  a  force  that  causes  the 
wheel  to  revolve  in  a  direction 
ig.  dot).  indicated    by  the    arrow-head, 

that  is,  in  a  direction  contrary  to  that  in  which  the  points  are  bent. 
The  wheel  does  not  turn  in  a  vacuum,  which  shows  that  electricity 
escapes  from  points  in  a  vacuum  without  resistance. 

515.  Velocity  of  Electricity.  —  Duration  of  the 
Spark.  —  The  velocit}^  of  electricity  is  immense,  much 
greater  than  that  of  light.  It  has  been  determined  that  the 
velocity  of  the  electrical  discharge  through  copper  wire  is 
more  than  288,000  miles  per  second. 

The  velocit}'  varies,  however,  with  its  intensity,  and  the 
medium  through  which  it  passes. 
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The  duration  of  the  electric  spark  is  exceedingly  brief.  If  we 
divide  a  circle  into  black  and  white 
sectors  (Fig.  357),  and  then  cause  it 
to  rotate  so  rapidly  that  the  sectors 
blend  into  a  uniform  gray,  if  the  room 
be  darkened  and  the  circle  illuminated 
by  a  spark  from  the  Leyden  jar,  it  will 
appear  perfectly  still,  and  every  indi- 
vidual sector  will  be  distinctly  seen. 

516.  The  Electrical   Egg  is 
sin  egg-shaped  light,  produced  by  Fig.  367. 
the  passage  of  electricity  thixKigh  a  vacuum. 

The  method  of  exhibiting  this  light,  and  the  apparatus  em- 
ployed, are  shown  in  Fig.  358.  The  apparatus  consists  of  a 
hollow  globe  or  oval  of  glass,  con- 
taining two  small  metallic  spheres 
at  some  distance  apart.  The  upper 
one  communicates  with  the  prime 
i''onductor,  and  the  lower  one  with 
the  earth. 

The  globe  may  be  deprived  of  its  in- 
ternal air  by  means  of  the  air-pump. 
Tben,  if  the  plate  of  the  machine  be 
turned,  electricity  will  escape  from  the 
machine  to  the  earth  through  the  two 
balls,  and  because  the  balls  are  in  a 
vacuum  there  will  be  no  obstruction 
to  its  passage.  If  the  experiment  is 
made  in  a  darkened  room,  a  beautiful 
violet-colored  light  will  be  seen  be- 
tween the  two  balls,  of  the  shape  Fig.  358. 
shown  in  the  figure. 

517.  The  Electrical  Square  consists  of  a  square  plate 
of  glass,  upon  one  surface  of  which  a  thin  strip  of  tin-foil  is 
fastened,  running  backwards  and  forwards  across  the  plate, 
as  shown  bv  the  black  line  in  Fisr.  359.     One  end  of  this 
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strip  of  tin  is  made  to  connect  with  the  prime  conductor  of 
the  electrical  machine,  and  the  other  end  is  made  to  com- 
municate with  the  earth  by 
a  chain.  The  square  is  insu- 
lated by  legs  of  glass. 

When  the  plate  is  turned, 
a  current  of  electricity  flows 
through  the  strip  of  tin  from  the 
machine  to  the  earth,  and  no 
spark  is  given  out.  If,  however, 
the  tin  is  broken  at  any  point, 
there  will  be  a  suc<?ession  of 
sparks  at  that  point,  which  will 
be  so  close  together  as  to  pro- 
duce a  continuous  light.  If, 
now,  the  tin  be  broken  by  a  pen- 
Fig.  359.  knife,  so  that  the  points  of  rup- 
ture are  arranged  in  a  definite  figure,  as  that  of  a  flower,  for  in- 
stance, a  continuous  light  will  he  seen  at  each  of  these  points,  and 
the  figure  will  appear  as  if 
traced  upon  the  glass  with  \/j^/ 
fire.  Any  kind  of  figure 
may  be  drawn,  or  words 
maybe  written  on  the  glass. 
The  experiment  is  more 
striking  in  a  darkened  room. 

518.  Heating  Power 
of  Electricity.  —  The 
heat  developed  by  elec 
tricity  is  sufficient  not 
only  to  inflame  ether, 
,  gimpowder,  coal-gas, and 
the  like,  but  also  to  melt 
and  volatilize  the  metals. 

Fig.  360  represents 
the  manner  of  inflam- 
ing ether.     It  i^  f)ourcd  Fijj  3^. 
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into  a  glass  vase,  through  the  bottom  of  which  passes  a  metal- 
lic wire  terminating  in  a  button.  The  wire  is  connected  by 
a  chain  with  the  outer  covering  of  a  Le^'den  jar.  When  the 
circuit  is  completed  by  touching  the  button  of  the  apparatus 
with  that  of  the  jar,  a  spark  is  given  off,  and  heat  enough 
developed  to  inflame  the  ether. 

This  experiment  succeeds  with  a  very  small  jar,  or  even  a  simple 
spark  from  the  prime  conductor.  The  experiment  may  be  made 
more  interesting  by  standing  upon  the  electrical  stool,  and  inflaming 
the  ether  with  tlie  flnger.  The  ether  may  be  inflamed  by  a  spark 
from  a  piece  of  ice  held  in  the  hand. 


Fig.  861. 

When  an  electrical  battery  is  discharged  through  a  fine  metallic 
wire,  it  may  be  melted  or  even  volatilized,  according  to  the  power 
of  the  battery. 

In  performing  this  experiment  it  will  be  best  to  use  the  universal 
discharger.  This  instrument  and  the  manner  of  using  it  are  shown 
in  Fig.  361.     The  discharger  c^jnsists  of  two  copper  wires,^  and  B, 
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mounted  upon  glass  supports.  The  wires  can  slide  freely  through 
the  rings  that  hold  them,  and  can  furthermore  be  turned  about  hinge- 
joints,  so  as  to  bring  their  buttons  as  near  as  may  be  desired  to  any 
body  that  is  placed  upon  the  stand,  M. 

To  melt  a  wire  by  electricity,  we  attach  it  to  the  two  inner  but- 
tons at  t,  then  connect  one  of  the  wires,  A,  for  example,  with  the 
exterior  coating  of  the  battery,  and  complete  the  circuit  by  connect- 
ing B  with  the  button  of  one  of  the  jars  of  the  battery.  This  is 
effected  in  the  manner  shown  in  the  figure,  the  connecting  chain 
being  managed  by  means  of  a  hook  with  a  glass  handle.  At  the  in- 
stant of  contact,  the  wire,  if  fine  enough,  is  melted  into  globules,  and 
even  volatilized,  that  is,  reduced  to  vapor,  which  disappears  in  the  air. 


Fig.  362. 

When  the  wire  is  a  little  larger,  it  simply  becomes  red-hot  and 
gives  forth  a  brilliant  light ;  if  still  larger,  it  becomes  heated  without 
being  luminous.  Fine  and  short  wires  may  be  melted  under  water  in 
the  same  manner  as  in  air,  but  the  experiment  is  more  diificult  to  make. 

519.  Mechanical  Effects  of  Electricity.  —  The  Me- 
chanical Effects  of  Electricity  are  manifested  when 
Large  charges  of  electricity  are  passed  through  imperfect  con- 
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ductors.  They  consist  of  violent  expansions,  with  tearing, 
fracturing,  and  the  like. 

These  effects  are  generally  exhibited  by  placing  the  body  upon 
the  plate,  M,  of  the  universal  discharger  (Fig.  361),  and  then  pass- 
ing a  powerful  charge  from  a  battery  through  it.  In  this  way  a 
small  block  of  wood  may  be  torn  to  splinters  in  an  instant. 

Fig.  962  represents  an  apparatus  by  means  of  which  a  hole  may 
be  torn  in  a  card  by  using  a  single  Leyden  jar.  A  card  is  placed  at 
the  top  of  a  glass  cylinder,  beneath  which  is  a  wire  projecting  from 
a  metallic  plate.  The  plate  connects  by  a  chain  with  the  exterior 
coating  of  the  jar.  Above  the  card  is  a  second  wire,  which  is  insu- 
lated in  the  manner  shown  in  the  figure.  When  the  circuit  is  com- 
pleted, by  touching  the  upper  wire  with  the  button  of  the  jar,  a  shock 
follows,  and  the  card  is  found  to  have  been  pierced  as  if  run  through 
by  a  needle  or  pin. 

520.  Chemical   Effects  of  Electricity.  —  The  electric 
spark  is  capable  of  producing  chemical  reactions.     For  example, 
water  is  formed  of  oxygen  and  hydrogen  gases, 
in  the  proportion  of  one  volume  of  the  foiiner  to 
two  volumes  of  the  latter.     Now,  if  these  two 
gases  be  mixed  in  this  proportion,  and  an  elec- 
trical spark  be  passed  through  the  mixture,  the 
gases  instantly  unite  and  fonn  water.    Moreover, 
the  combination  takes  place  with  a  brilliant  flash 
of  light  and  a  loud  report,  the  report  being  due 
to  the  expansive  force  of  the  vapor  which  is  pro- 
duced at  the  moment  of  combination.    It  is  upon 
these  principles  that  the  electrical  pistol  repre-  Fig.  363. 
sented  in  Fig.  363  is  constructed. 

Nitric  acid  is  formed  by  the  passage  of  electric  sparks  through 
moist  air. 

Sulphuretted  hydrogen,  ammonia,  and  carbonic  acid  are  decom' 
posed  by  the  electric  spark. 

The  chemical  effects  of  frictional  electricity  are  not  so  powerful  or 
varied  as  those  of  dynamical,  which  will  be  considerctl  under  that 
subject. 

521.  Physiological  Effects  of  Electricity.  —  The 
Physiological  Effects  of  Electricity  are  the  effects  which 
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it  produces  on  men  and  animals.  They  consist  of  muscular 
contractions,  accompanied  by  a  greater  or  less  amount  of 
pain,  according  to  the  power  of  the  electrical  apparatus. 

When  we  receive  a  simple  spark  from  the  prime  conductor,  we 
experience  only  a  slight  stinging  sensation;  with  a  small  Leyden 
jar,  the  pain  is  felt  extending  up  the  arms  to  the  elhows  or  shoulders ; 
with  a  more  powerful  jar  or  a  battery,  the  shock  is  felt  through  the 
arms  and  chest,  and  may  be  sufficient  to  produce  death. 

An  electric  shock  may  be  given  to  a  great  number  of  persons 
at .  the  same  time.  To  that  end  they  form  a  chain  by  taking 
each  other  by  the  hand ;  then  the  person  at  one  end  takes  a  Leyden 
jar  in  his  hand :  the  circuit  is  completed  by  the  person  at  the  other 
end  of  the  chain  touching  the  button  of  the  jar,  when  the  shock  is 
felt  simultaneously  throughout  the  ring.  Nollet  administered  in 
this  manner,  in  the  presence  of  Louis  XV.,  an  electrical  shock  to  an 
entire  regiment  of  fifteen  hundred  men. 

With  a  battery,  the  shock  becomes  so  powerful  as  to  render  it 
dangerous  to  attempt  receiving  it.  With  a  battery  of  only  six  jars  of 
mean  size,  it  would  be  hazardous  to  receive  the  shock.  With  more 
powerful  batteries,  cats,  dogs,  and  even  stronger  animals  may  be 
killed  by  a  single  shock. 

We  shall  find,  further  on,  that  electricity  in  its  dynamical  fonn  is 
used  in  the  treatment  of  diseases. 

Summary.  — 

Electrical  Spark  and  Shock. 

How  the  Spark  is  produced. 

When  a  Shock  is  experienced. 

Fonnation  of  the  Spark. 
The  Electrical  Stool 

Method  of  Using  it 
The  Electrical  Chime. 

Action  explained  and  illustrated  by  Figure. 
The  Electrical  Image. 

Action  explained  and  illustrated  by  Figure. 
Effects  of  Points  in  Electrical  Action. 

ElectTHjity  escaping  from  Points  on  an  Electrified  Body. 

Theory  of  the  Current  formed  in  this  Way. 
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Effect  of  Points  in  Electrical  Action  (continued). 

Loss  of  Electricity  from  the  Prime  Conductor  when  near 
Pointed  Objects. 

Current  formed. 

Action  of  Points  on  a  Flame  illustrated  by  Figure. 

Rotation  of  the  Electric  Wheel  explained. 
Vdodty  of  Electricity,  —  Duration  of  the  Spark, 

Velocity  through  Copper  Wire. 

Duration  of  Spark  illustrated  by  Figure. 
The  Electrical  Egg. 

Method  of  producing  this  Light  explained  by  Figure.. 
The  Electrical  Square, 

Method  of  illuminating  the  Square  explained  by  Figure. 
Heatifig  Power  of  Electricity, 

Ulustrated  with  the  Leyden  Jar  and  Ether. 

Illustrated  with  Battery  and  Wire. 
Mechanical  Effects  of  Electricity. 

Shown  by  the  Battery  and  Block. 

Shown  by  the  Leyden  Jar  and  Card. 
CJiemical  Effects  of  Electricity, 

In  combining  Oxygen  and  Hydrogen  by  the  Electrical 
Pistol. 

In  decomposing  certain  Compounds. 
Physiological  Effects  of  Electricity. 

Illustrations. 


SECTION    IV.  —  ATMOSPHERIC    ELECTRICITY. 

522.   Identity  of  Lightning  and  the  Electric  Spark. 

—  The  complete  identit}'^  between  lightning  and  electricity 
was  established  by  Dr.  Franklin,  at  Philadelphia,  in  1752. 
He  raised  a  silken  kite,  provided  with  a  metallic  point,  just 
before  a  coming  thunder-storm.  The  string  of  the  kite  was 
of  hemp ;  attached  to  the  lower  end  of  it  was  a  small  ke}'^, 
and  fastened  to  the  key  was  a  silken  cord,  by  which  the 
kite  might  be  insulated.  It  was  only  after  the  string  became 
damp  from  the  falling  rain  that  the  ke}'  showed  signs  of  being 
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electrified.     He  was  at  last  rewarded  by  obtaining  an  electric 
spark. 

523.  Atmospheric  Electricity.  —  The  existence  of  at- 
mospheric electricity  is  not  confined  to  clouds  alone,  for  it 
often  exists  in  the  atmosphere  when  no  trace  of  a  cloud  is 
visible.  In  this  case  the  electricity  is  positive.  It  is  most 
abundant  in  open  spaces  and  at  considerable  elevations.  In 
houses,  in  the  streets,  under  trees,  and  in  sheltered  localities, 
no  trace  of  free  electricity  is  discoverable.  During  storms  the 
electricity  of  the  air  is  sometimes  positive  and  sometimes 
negative.  All  clouds  are  supposed  to  be  electrified,  some 
positively  and  some  negativel}'. 

The  electrical  condition  of  clouds  may  be  determined  by 
metallic  rods,  by  kites,  or  by  small  balloons  held  by  a  string 
in  the  hand. 

The  electrical  state  of  the  atmosphere  may  be  determined  In  a 
great  variety  of  ways.  Sometimes  the  gold-leaf  electroscope  is  used. 
Instead  of  the  button  there  is  a  stem  of  met^l^  and  a  fine  and  iiexihle 
wire  attached  to  its  upper  end.  To  the  second  extremity  of  the 
wire  is  fastened  an  arrow,  which,  being  shot  from  a  bow,  ascends 
into  the  atmosphere,  drawing  the  wire  with  it.  When  the  arrow 
is  shot  directly  upwards,  the  divergence  of  the  gold  leaves  indicates 
the  existence  of  free  electricity,  and  the  nature  of  this  electricity  is 
tested  as  already  explained. 

524.  Causes  of  Atmospheric  Electricity.  —  The  ori- 
gin of  the  electricit}'  of  the  atmosphere  is  imperfectly  under- 
stood. Many  theories  have  been  brought  forward  to  explain 
it.  The  following  are  generally  supposed  to  be  some  of  the 
causes  that  contribute  to  its  development:  friction  of  the 
air,  evaporation  and  condensation  of  water,  vegetation,  and 
combustion. 

525.  Lightning  is  nothing  else  than  an  elongated  electrical 
spark,  which  passes  between  two  differently  electrified  clouds 
when  brought  near  each  other.  Sometimes  a  discharge  takes 
place  between  a  cloud  and  the  earth.  It  is  the  recombination 
of  the  opposite  electricities. 
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A  flash  of  lightning  is  often  of  great  length,  and  as  it  takes  place 
along  the  line  of  least  resbtance,  it  generally  follows  a  zigzag  path, 
as  is  often  the  case  with  the  spark  from  a  Leyden  jar.  When  we  see 
its  entire  length  we  call  it  chain-lightning.  When  a  flash  of  lightning 
is  seen  in  the  lower  regions  of  the  atmosphere,  it  has  a  brilliant 
white  color ;  but  in  the  higher  regions,  where  the  air  is  rareiieii,  it 
assumes  a  violet  hue,  similar  to  that  of  the  electric  egg  (Art.  516). 

Sheet-lightning  is  that  which  flashes  through  the  clouds,  causing 
extensive  illumination. 

Heat-lightning  is  supposed  to  be  tKe  reflection  of  the  lightning  of 
distant  storms. 

526.  Thunder  is  the  sound  which  follows  a  flash  of  light- 
ning. It  is  due  to  vibrations  caused  by  the  passage  of  the 
spark  through  the  air,  and  the  clashing  together  of  the  mole- 
cules of  air  in  filling  the  vacuum  caused  by  the  lightning. 

Thunder  is  not  heard  till  an  appreciable  time  after  the  flash  is 
perceived.  This  arises  from  the  fact  that  light  travels  with  immense 
velocity,  reaching  the  eye  instantaneously,  while  sound  travels  more 
slowly,  and  reaches  the  ear  only  after  a  sensible  interval  of  time. 
The  distance  of  a  clap  of  thunder  may  be  ascertained  by  counting  the 
number  of  seconds  between  the  flash  and  the  report,  and  allowing 
five  seconds  to  a  mile. 

The  intensity  of  the  sound  diminishes  as  the  distance  becomes 
greater:  near  by,  it  is  sharp  and  rattling,  like  boards  falling  one 
upon  the  other ;  at  a  greater  distance,  it  is  dull,  and  prolonged  in  a 
low  rumble  of  varying  intensities. 

The  rattling  or  rolling  of  thunder  is  differently  explained.  By 
some  it  is  said  to  be  due  to  a  succession  of  echoes  from  the  clouds 
and  the  earth.  Others  regard  lightning,  not  as  a  single  spark,  but  as 
a  succession  of  sparks,  each  giving  rise  to  separate  explosions  that 
succeed  each  other  so  rapidly  as  to  produce  a  continuous  rumbling 
sound.  Others  again  attribute  the  rolling  of  thunder  to  the  zigzag 
course  of  the  lightning,  the  sound  from  different  points  of  the  zigzag 
path  reaching  the  ear  in  times  proportional  to  their  distances.  lu 
this  way  the  sounds  from  different  points  are  superposed  irregularly, 
giving  rise  to  irregularity  in  the  resulting  sound. 

527.  Effects  of  Lightning.  — When  an  electrified  cloud 
passes  near  the  earth,  it  acts  upon  it  by  induction,  repelling 
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the  electricity  of  the  same  name  and  attracting  that  of  aiv 
opposite  name.  As  soon  as  the  tension  of  the  two  electricities 
becomes  greater  than  the  resistance  of  the  intervening  air,  a 
spark  or  flash  passes,  and  a  thunderbolt  is  said  tofodl^  or  the 
lightning  to  strike.  The  flash  generally  passes  from  the  cloud 
to  the  earth,  but  sometimes  the  reverse  is  the  case.  When 
the  lightning  ascends^  the  clouds  are  probablj'  negatively  and 
the  earth  positively  electrified,  since  it  has  been  shown  by 
experiment  that  at  the  ordinary  pressure  positive  electricity 
passes  through  the  air  more  easily  than  negative. 

The  attraction  between  the  two  electricities  increases  as  the  dis- 
tance diminishes.  Hence  it  is  that  elevated  objects  are  most  likely 
to  be  struck,  such  as  spires,  high  trees,  lofty  buildings,  and  the  like. 
Good  conductors,  like  metals,  moist  bodies,  trees,  and  the  like,  are 
more  likely  to  be  struck  than  bad  conductors.  Hence  the  danger  of 
taking  refuge  under  a  tree  in  a  thunder-storm. 

The  effects  of  the  thunderbolt  are  extremely  various  and  wonderful. 
It  crushes  or  fractures  bad  conductors,  inflames  combustible  bodies, 
melts  metals,  reverses  the  poles  of  magnets,  and  often  kills  men  and 
animals.  Sometimes  it  falls  slowly  in  the  form  of  a  globe  of  fire, 
and  then  explodes  with  a  noise  Uke  a  battery  of  cannon.  It  is  this 
form  of  lightning  that  is  most  likely  to  inflame  the  edifices  which  it 
chances  to  strike. 

528.  The  Return  Shock  is  a  violent,  and  sometimes 
fatal  shock,  felt  by  men  and  animals  even  at  a  great  distance 
from  the  place  where  the  lightning  strikes. 

This  phenomenon  is  due  to  the  inductive  influence  exerted  by  an 
electrified  cloud  upon  bodies  beneath  it,  which  are  all  strongly  charged 
with  electricity  contrary  to  that  of  the  cloud.  Now,  if  a  discharge 
takes  place  at  any  point,  the  cloud  returns  to  its  neutral  state,  induc- 
tion ceases  instantly,  and  all  of  the  bodies  electrified  by  induction  in- 
stantly return  to  a  neutral  state.  The  suddenness  of  this  return  is 
what  constitutes  the  return  shock. 

The  return  shock  may  be  illustrated  on  a  small  scale  by  placing  a 
living  fi^og  near  an  electrical  machine  in  motion.  Every  time  that  the 
machine  is  discharged  by  placing  the  finger  upon  it,  the  frog  experi- 
ences a  shock,  which  is  nothing  else  than  the  return  shock  above 
described.  ^  , 
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529.  Lightning-Rods. — A  Lightning-Rod  is  a  rod  of 
metal,  placed  upon  a  building  or  ship  to  preserve  it  from  the 
effect  of  lightning.  Galvanized  iron  or  copper  is  now  gener- 
ally used. 

A  lightning-rod  should  fulfil  the  following  conditions :  — 

1.  It  should  be  of  sufficient  size  so  as  not  to  be  melted 
while  carrying  the  charge  off. 

A  copper  rod  of  half  an  inch  in  diameter,  or  an  iron  one  of  three 
fourths  of  an  inch  in  diameter,  is  large  enough  to  protect  any 
building. 

2.  They  should  be  of  one  piece  throughout. 

3.  They  should  terminate  in  points  to  give  readier  egress 
for  the  electricity  that  is  set  free  by  induction. 

4.  The  rod  should  be  carried  down  into  the  earth  till  it 
meets  with  a  good  conducting  medium,  such  as  a  layer  of  wet 
or  moist  earth. 

When  no  such  medium  can  be  reached,  a  pit  should  he  dug,  and 
after  the  lower  end  of  the  rod  has  been  carried  to  the  bottom,  it 
should  be  nearly  filled  with  some  good  conductor,  as  coke.  This  will 
also  prevent  rusting. 

A  rod  is  supposed  to  protect  a  circular  space  about  it,  whose  radius 
is  about  twice  the  length  of  that  portion  of  the  rod  that  extends  above 
the  building.  The  lightning-rod  was  invented  by  Franklin,  who 
thought  that  its  protective  action  consisted  in  drawing  off  the  elec- 
tridty  from  the  cloud,  and  conducting  it  to  the  earth. 

The  real  explanation  of  its  utility  is  just  the  reverse.  The  cloud 
acts  by  induction  upon  the  earth,  repelling  the  electricity  of  the  same 
name  as  that  in  the  cloud,  and  attracting  that  of  an  opposite  name, 
which  accumulates  upon  the  bodies  under  the  cloud.  Now,  by  arming 
a  body  with  metallic  points  communicating  with  the  earth,  we  permit 
a  passage  of  electricity  from  the  earth  to  the  cloud.  This  not  only 
prevents  the  accumulation  of  electricity  upon  the  body,  but  it  tends 
gradually  to  neutralize  the  electricity  of  the  cloud  itself,  and  thus  the 
rod  acts  in  a  double  way  to  prevent  the  body  from  being  struck. 

When  the  electricity  set  free  is  more  than  the  conductor  can  dis- 
charge the  lightning  strikes,  but  the  rod  receives  the  discharge,  owing 
Xa}  its  higher  conducting  power,  and  protects  the  building. 
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530.  The  Aurora  Borealis.  —  The  Aurora  is  a  lumi- 
nous phenomenon,  which  appears  most  frequently  about  the 
poles  of  the  earth,  and  more  particularly  about  the  boreal  or 
northern  pole,  whence  its  name. 

At  the  close  of  twilight  a  vague  and  dim  light  appears  in  the 
horizon  in  the  direction  of  the  magnetic  ineridian.  This  light  gradu- 
ally assumes  the  form  of  an  arch  of  a  pale  yellowish  color,  haviug  its 
concave  side  turned  towanls  the  earth.     From  tliis  arch  streams  of 


Fig.  364. 

light  shoot  forth,  passing  from  yellow  to  pale  green,  and  then  to  the 
most  hrilliant  violet  purple.  These  rays  or  streams  of  light  generally 
converge  to  that  point  of  the  heavens  which  is  indicated  hy  the  dip- 
ping needle,  and  they  then  appear  to  form  a  fragment  of  an  immense 
cupola,  as  shown  in  Fig.  364. 

Since  the  aurora  is  always  accompanied  hy  a  disturbance  of  the 
magnetic  needle,  and  is  generally  arranged  in  the  direction  of  the 
dip,  and  acts  upon  telegraph  wires,  it  is  inferred  that  it  is  due  to 
electrical  action.     Such  is  at  pi-esent  the  generally  received  belief. 
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Part  III.  —DYNAMICAL  ELECTRICITY. 


SECTION    L FUNDAMENTAL   PRINCIPLES. 

531.  Galvani's  Experiment.  —  It  has  been  observed 
that  chemical  combinations  are  sources  of  electricity.  The 
form  of  electricity  thus  developed  is  diflferent,  but  its  nature 
is  the  same  as  that  produced  by  friction ;  but  inasmuch  as  its 
manifestations  of  power  are  continuous  from  the  very  moment 
of  its  production,  it  is  called  dynamical  electricity^  the  word 
dynamical  being  derived  from  a  Greek  word  meaning  power. 
The  name  of  Galvanism  has  been  given  to  electricity  devel- 
oped by  certain  chemical  combinations,  in  honor  of  Galvani, 
who  first  discovered  this  new  way  of  generating  it.  It  is  also 
called  Voltaic  electricity,  from  Volta,  who  added  to  the  dis- 
coveries of  Galvani. 

Galvani  observed  one  day  that  a  dead  frog,  which  was  suspended 
from  a  copper  hook  in  a  window,  exhibited  muscular  contractions 
whenever  the  wind  blew  the  lower  extremities  against  the  iron  bars 
of  the  window.     Here  was  a  case  of  electrical  manifestation  which 

furnished  a  dew  to  one  of  the 
most  important  discoveries  of 
modem  science. 

This  discx>very  led  to  an  ex- 
periment which  may  be  repeated 
as  follows:  Having  killed  a  frog 
and  cut  off  the  hinder  half  of  the 
body,  we  suspend  it  by  a  copper 
hook,  c,  passed  between  the  back- 
bone and  the  nerves  which  run  on 
each  side  of  it,  as  shown  in  Fig. 
365;  then  holding  a  small  plate  of 
zinc,  z,  in  the  hand,  we  bring  one 
end  of  it  in  contact  with  the  copper 
stem  that  holds   the    hook,  and 


Fig.  365. 
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then  touch  the  legs  of  the  frog  with  the  other  end.    At  every  contact 
the  muscles  contract,  reproducing  all  the  motions  of  life. 

Galvani  attributed  the  phenomena  observed  to  the  electricity 
existing  in  animal  tissues,  which,  passing  from  the  nerves  to  the 
muscles,  through  the  metals,  produced  the  muscular  contractions. 

532.  Volta*s  Theory  of  Contact. — Volta  repeated 
the  experiment  of  Galvani,  and  after  much  study  advanced 
the  theory  of  contact.  According  to  this  theor}-,  when  two 
metals  or  other  dissimilar  substances  are  simpl}'  brought  in 
contact,  there  is  always  a  decomposition  of  the  natural  elec- 
tricity of  both  bodies,  the  positive  electricity  going  to  one 
and  the  negative  to  the  other. 

In  the  case  of  the  frog  the  electricity  was  supposed  to  be  devel- 
oped by  the  contact  of  the  copper  hook  and  zinc  plate,  the  nerves 
and  muscles  serving  simply  as  conductors. 

533.  Fabroni's  Chemical  Theory.  —  Fabroni  first 
suggested  that  the  phenomena  of  the  pile  (Art.  540)  were 
due  to  chemical  action.  He  observed  that  zinc  became 
oxidized  in  contact  with  water  containing  acid  when  joined 
with  copper,  and  thought  that  this  oxidation  was  the  prin- 
cipal cause  of  the  electric  action. 

It  seems  now  to  be  generally  accepted  that  the  separation  of  the 
electricities  is  caused  by  the  contact  of  two  different  metals,  but  that 
the  constant  supply  of  electricity  is  tept  up  by  chemical  action. 

534.  Current  Electricity.  —  If  a  plate  of  zinc,  Z,  and 
one  of  copper,  (7,  be  placed  in  a  mixture  of  water  and  weak 
sulphuric  acid  (Fig.  366),  ashght  chemical  change  takes  place 
in  the  case  of  the  zinc,  and  bubbles  of  hydrogen  gas  will  col- 
lect on  its  surface  and  escape  to  the  surface  of  the  liquid. 
The  zinc  will  graduall}^  waste  away.  Connect  the  plates  with  a 
metallic  wire.  The  chemical  action  is  more  violent ;  the  zinc 
wastes  away  more  rapidly  than  before ;  a  greater  amount  of 
hj'drogen  is  set  free,  but  it  is  disengaged  at  the  surface  of  the 
copper  instead  of  the  zinc.  Electrical  action  is  now  manifest 
This  apparatus  is  called  a  simple  voltaic  element^  or  couple. 
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If  we  separate  the  wires  no  such  action  is  observed,  but  on  being 
brought  near  each  other  in  the  dark,  a 
small  spark  is  seen  to  pass  between  them, 
which  arises  from  the  recombination  of  the 
two  electricities.  The  passage  of  the  spark 
does  not  discharge  the  plates,  as  in  the  Ley- 
den  jar.  We  see  a  continual  succession  of 
sparks,  showing  that  the  process  of  chem- 
ical decomposition  is  continually  kept  up 
in  the  liquid,  and  a  constant  supply  of 
electricity  furnished. 
Fig.  366.  Since    these     electrical     manifestations 

traverse  the  whole  length  of  the  wires  when  in  contact,  the  name 
electric  current  is  given  them. 

It  is  not  to  be  supposed  that  in  using  the  term  current  we  mean 
any  actual  transfer  of  material  particles.  There  is  merely  a  transfer 
of  forc^  from  molecule  to  molecule,  the  molecules  of  the  conductor 
becoming  polarized  and  charged  one  after  the  other,  and  thus  dis- 
charging this  electric  force  into  adjacent  molecules.  We  may  con- 
sider, then,  the  current  as  due  to  a  series  of  charges  and  discharges 
among  the  molecules  in  the  wire  of  such  rapid  succession  as  to  give 
the  appearance  of  one  uninterrupted  discharge. 

535.  Direction  of  the  Current. — Although  there  are 
two  currents  flowing  in  opposite  directions,  the  positive  and 
negative,  3'et,  to  avoid  confusion,  whenever  the  term  current 
is  used  only  the  positive  is  meant. 

It  will  be  observed,  in  Fig.  366,  that  the  positive  current  passes 
through  the  liquid  from  the  zinc  to  the  copper,  and  above  the  surface 
of  the  liquid  from  the  copper  to  the  zinc,  the  negative  going  in  the 
opposite  direction,  as  stated  before. 

The  metal  that  is  acted  on  the  most  strongly  by  the  liquid  is  called 
the  generating,  or  positive  plate;  the  other  the  conducting,  or  negative 
plate.  In  such  a  case  the  former  is  said  to  be  electro-positive  towards 
the  latter,  and  the  latter  electro-negative  towards  the  former. 

In  Fig.  366  the  zinc  is  electro-positive,  and  the  copper,  which  is 
merely  a  conductor,  and  Hot  acted  on  by  the  liquid,  electro-negative. 
The  electrical  force  generated  by  this  action  of  the  metals  is  called 
the  ekctromotice  force. 
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536.  Action  of  the  Acid. — Amalgamation  of  the 
Zinc.  —  If  zinc  is  placed  in  water,  it  decomposes  it,  forming 
zinc  oxide,  and  setting  the  hydrogen  free.  This  action  does 
not  last  long,  as  the  zinc  becomes  coated  with  a  film  of  the  ox- 
ide, which  is  insoluble.  The  sulphuric  acid,  however,  seizes  the 
oxide  of  zinc,  and  forms  sulphate  of  zinc,  which  is  dissolved 
in  the  liquid,  thereby  leaving  a  clear  surface  on  the  zinc. 

Chemically  pure  zinc  is  not  attacked  by  dilute  sulphuric  acid  until 
the  electric  current  begins.  Commercial  zinc,  however,  is  usually 
impure,  and  is  acted  on  rapidly  by  the  acid,  and  consequently  wasted. 
The  impurities  in  the  ziuc,  usually  consisting  of  iron  or  lead,  also 
cause  local  currents,  and  this  accelerates  the  chemical  action  and  wastes 
the  zinc,  without  adding  to  the  quantity  of  electricity  in  the  general 
current  that  passes  over  the  wires.  To  prevent  this  waste,  the  zinc 
in  galvanic  batteries  is  usually  amalgamated,  that  is,  rubbed  over 
with  mercury,  after  it  has  first  been  cleaned  in  dilute  acid. 

537.  Electrodes.  —  Poles.  —  If  we  cut  the  wire  connect- 
ing the  two  plates  in  the  liquid  (Fig.  366),  positive  electricity 
will  tend  to  accumulate  at  the  end  of  the  wire  attached  to  the 
copper,  or  negative  plate,  and  negative  on  the  wire  connected 
with  the  zinc,  or  positive  plate.  These  ends  are  called  the 
poles  of  the  batteiy.  Sometimes  pieces  of  platinum  are  at- 
tached to  the  ends  of  the  wires,  as  the  ordinary  metals  would 
suffer  corrosion  in  man}^  experiments. 

The  term  electrode  is  now  often  used  instead  of  pole.  Joining  the 
two  electrodes  is  called  closing  the  circuit;  separating  them,  breaking 
the  circuit.  Care  must  be  exercised  not  to  confound  the  poles  with 
the  plates  of  the  couple.  The  positive  pole  is  joined  to  the  negative 
plate,  and  the  negative  pole  to  the  positive  plate. 

538.  Electrical  Potential-— The  Electrical  Potential 
is  that  property  of  a  body  by  means  of  which  electricity  tends 
to  pass  from  it  and  flow  to  another  body. 

In  order  that  water  may  flow  there  must  be  a  difference  of  gravita- 
tion level,  and  we  notice  also  a  flow  of  heat  when  there  is  a  difference 
of  temperature  level ;  and  so  we  may  say  that  to  get  a  flow  of  elec- 
tricity there  must  be  a  difference  of  electrical  level,  or,  in  other  words, 
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a  difTeienco  of  electrical  potential.  Electricity^  as  well  as  water  and 
heat^  passes  from  a  higher  to  a  lower  level.  This  in  the  case  of 
electricity  we  call  passing  from  a  higher  to  a  lower  potential.  The 
zinc  and  copper  in  the  voltaic  couple  assume  different  electrical  poten- 
tials;  and  the  passage  of  the  electricity  when  we  join  the  wires,  from 
the  conductor  at  a  higher  to  the  one  at  a  lower  potential,  constitutes 
the  current,  which  is  kept  continuous  by  chemical  action.  The 
greater  the  difference  of  chemical  action  upon  the  two  metals,  the 
more  powerful  will  be  the  current. 

Summary.  — 

Dynamical  Electricity. 

Why  called  Dynamical. 

Why  called  Galvanic  and  Voltaic 

Galvani's  Experiment. 

Galvani*8  Theory. 

Volta's  Theory. 

Fabroni's  Theory. 
Current  Electricity, 

Illustrated  by  the  Simple  Voltaic  Element. 

Production  of  the  Spark. 

Explanation  of  the  Term  CtMrent. 

Direction  of  the  Current  explained. 

Definition  of  Terms. 

Action  of  the  Acid  on  the  Zinc. 

Amalgamation  of  the  Zinc. 

Explanation  of  the  Tenn  Electrodes, 
Electrical  Potential, 

Illustrations. 

539-  Voltaic  Batteries. —When  several  voltaic  elements 
or  couples  are  united  so  that  their  effects  may  be  combined, 
the  apparatus  is  called  a  voltaic  or  galvanic  battery.  The 
earliest  of  these  arrangements  was  devised  by  Volta  himself. 
His  apparatus,  however,  from  the  mode  of  its  arrangement,  is 
generally  called  the  voltaic  pile, 

S40.  Volta's  Theory  of  Contact.  — One  of  these  voltaic 

piles  is  shown  in  Fig.  367.     It  consists  of  an  assemblage  of  couples f 

ach  consisting  of  a  disk  of  copper  and  a  disk  of  zinc  in  contact,  and 
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each  couple  being  separated  from  the  next  by  a  layer  of  cloth  moist- 
ened with  dilute  sulphuric  acid;  which  acts  upon  the  metals  and  the 
liquid  in  the  cases  already  mentioned.  The  couples  are  all  disposed 
in  the  same  order,  the  zinc  of  each  couple  being  always  on  the  same 
side  of  the  corresponding  disk  of  copper.  When  the  pile  is  completed 
there  will  be  a  disk  of  zinc  at  one  end  and  a  disk  of  copper  at  the 
other.  A  connection  is  made  between  them  by  means  of  the  wires,  a 
and  hj  one  being  attached  to  each  of  the  extreme  plates. 

In  the  pile  shown  in  Fig.  367  there  are  twenty  couples,  the  copper 
disk  being  at  the  bottom  of  each  couple,  and  the  zinc  one  at  the  tup. 


Fig.  867. 
The  pile  is  supported  by  a  suitable  framework.     These  disks  are 
kept  in  place  by  glass  rods. 

The  pile  is  insulated  by  placing  it  on  glass  or  resin.  The  positive 
electrode,  a,  connects  with  the  copper  plate,  and  the  negative,  6,  with 
the  zinc. 

541.  Constant  Batteries.  —  Batteries  constructed  on  the 
principle  of  the  voltaic  couple  have  substantially  gone  out  of  use  on 
account  of  the  rapid  enfeeblement  of  their  currents.  In  order  to  se- 
cure a  constant  current,  the  permanent  deposition  of  hydrogen  on  the 
inactive  met-al  must  be  prevented,  as  this  interferes  with  the  current. 
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By  putting  this  metal  in  a  liquid  upon  which  the  hydrogen,  as  it  is 
set  free,  can  act  chemically,  this  result  can  be  secured.  Many  dif- 
ferent forms  of  batteries  have  been  constructed,  and  some  of  the 
principal  ones  will  be  described. 

542.  Smee's  Battery.  —  This  is  a 
^^  one-fluid  "  battery,  an  element  of  which  is  rep- 
resented in  Fig.  368.  It  consists  of  two  plates 
of  zinc,  Z  Zy  suspended  in  dilute  sulphuric  acid, 
^,  by  a  wooden  bar,  w\  between  them  is  also 
suspended  a  plate  of  silver,  /S',  covered  with 
fine  platinum  powder.  This  rough  surface  of 
platinum  prevents  the  adherence  of  hydrogen 
bubbles.  In  other  batteries  to  be  described 
the  hydrogen  is  kept  from  the  inactive  plate  by 
Fig.  368.  chemical  action. 

543-  Potassium  Bi-chromate  Battery.  —  If  a  carbon 
plate  be  substituted  for  the  silver  i>ne  in  Smee's  battery,  and 
a  solution  of  potassium  bi-chromate  be  put  into  the  sulphuric  acid, 
we  shall  have  a  potassium  bi-chromate 
battery.  A  convenient  form  of  this  bat- 
tery is  shown  in  Fig.  369.  The  plates  of 
carbon,  two  in  number,  are  stationary,  the 
zinc  plate  between  can  be  drawn  out  of 
the  solution  when  the  battery  is  not  in  use, 
and  thus  the  couple  be  kept  without  any 
action  for  weeks,  and  still  be  ready  for  work 
at  a  moment's  notice.  It  is  one  of  the  very 
best  batteries  for  general  purposes. 

The  best  carbon  used  in  batteries  is  gas- 
carbon,  which  forms  on  the  inner  surface  of 
gas-retorts. 

The  hydrogen  set  free  by  the  zinc,  by  tak- 
ing oxygen  from  the  water,  acts  chemically 
upon  the  chromic  acid,  so  that  it  cannot  col- 
lect on  the  carbon  plates. 

Probably  one  of  the  best  solutions  for  this  battery  is  the  following : 
One  gallon  of  water,  one  pound  of  bi-chromate  of  potash,  and  from  a 
half-pint  to  a  pint  of  sulphuric  acid,  according  to  the  energy  of  action 


Fig.  369. 
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desired.     A  small  quantity  of  nitric  acid  added  to  the  solution  in- 
creases the  constancy  of  the  battery. 

544.  The  Mercury-Sulphate  Battery.  —  A  battery, 
small  in  size  but  of  considerable  power,  can  be  made  by  immei*siug 
zinc  plates  in  a  solution  of  sulphate  of  mercury  contained  in  carbon 
cups.  The  zinc  takes  oxygen  from  the  water,  fanning  oxide  of  zinc ; 
the  hydrogen  escapes,  and  decomposes  the  mercury  sulphate  into  sul- 
phuric acid  and  mercury.  The  latter  amalgamates  the  zinc,  and  the 
sulphuric  acid  dissolves  the  zinc  oxide. 

545.  Danieirs  Battery.  —  This  was  the  first  fonn  of  the 
constant  battery ;  in  respect  to  the  constancy  of  its  action  it  is,  in  all 
probability,  the  best  of  the  constant  batteries.  Fig.  370  represents 
a  single  couple  of  this  battery.  There  is  an  outer  vessel  of  glass 
or  porcelain,  filled  with  a  solution  of  sulphate  of  copper  (blue 
vitriol),  which  is  kept  saturated  by  some  crystals  of  the  sulphate 
placed  at  the  bottom  of  the  vessel.  A  copper  cylinder  is  immersed 
in  this,  perforated  with  holes.  Inside  this  cylinder  is  a  thin  porous 
vessel  of  unglazed  earthenware}. filled  with  dilute 
sulphuric  acid,  in  which  is  placed  a  cylinder  of 
amalgamated  zinc 

When  this  battery  is  in  action,  water  is 
decomposed;  the  oxygen  goes  to  the  zinc, 
forming  oxide  of  zinc,  which  is  dissolved  by 
the  sulphuric  acid,  giving  sulphate  of  zinc. 
The  hydrogen  of  the  water  goes  to  the  sul- 
phate of  copper,  and  decomposes  it  into  me- 
tallic copper  and  sulphuric  acid ;  the  former  is 
deposited  on  the  copper  plate,  while  the  latter  goes  to  the  zinc  to 
replaxje  that  already  used  in  forming  sulphate  of  zinc.  The  result  of 
these  decompositions  and  recompositions  is  to  keep  up  a  current  of 
electricity,  which  will  continue  as  long  as  the  outer  vessel  is  kept  fiill 
of  the  saturated  solution  of  sulphate  of  copper. 

546.  Grove's  Battery.  —  Fig.  371  represents  one  of  the 
elements  of  this  form  of  battery.  The  outer  jar,  which  is  made 
of  glass,  IS  partially  filled  with  dilute  sulphuric  acid,  and  in  this  is 
placed  a  cylinder  of  zinc  with  a  slit  at  the  side  fur  the  passage  of 
the  liquid.    The  inner  vessel  is  made  of  porous  earthenware,  and 
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contains  ordinary  nitrie  acid.  A  strip  of  platinmn  is  suspended  in 
this  vessel,  to  which  is  attached  a  wire  by  means  of  a  binding- 
screw  ;  there  is  one  also  attached  to  the  zinc  in  a  similar  manner. 

In  this  couple  there  is  a  double  chemical  action. 
Water  is  decomposed  in  the  outer  vessel,  giving  its 
oxygen  to  the  zinc,  forming  oxide  of  zinc,  which  is 
taken  up  by  the  sulphuric  acid,  producing  sulphate  of 
zinc  This  remains  in  solution.  The  hydrogen  of  the 
water  passes  through  the  porous  cell,  and  uniting  with 
a  part  of  the  oxygen  of  the  nitric  acid,  decomposes  it, 
reproducing  water,  and  also  forming  nitrous  acid, 
Fig.  371.  ^jjj^.^  escapes  in  fumes.  This  double  action  develops 
a  large  amount  of  electricity. 

547-    Bunsen's  Battery.  — In  Bunsen's  battery  (Fig.  372) 
the  platinum  strip  of  the  Grove  is  replaced  by  a  cylinder  of  carbon. 
The  couples  are,  however,  larger  than 
those  of  Grove's  battery.     The  chemical 
action  is  tb?  same. 

Both  these  batteries  are  very  powerful. 
Grove's  battery  .possesses  some  advan- 
tages over  Bunsen's,  but  its  first  cost  is 
much  greater.  Grove's  battery  is  largely 
used  in  telegraphing,  it  being  a  battery 
of  great  intensity.  The  last  three  bat- 
Fig.  372.  teries  are  called  **  two-fluid  "  batteries. 
The  fumes  arising  from  the  Grove  and  Bunsen  batteries  render 
their  employment  impossible  in  cases  where  a  large  number  of  cells 
are  necessary.  To  avoid  these  dangerous  fumes  bi-chromate  of  pot- 
ash is  sometimes  substituted  for  nitric  acid,  and  strong  brine  for 
sulphuric  acid,  but  the  power  of  the  battery  is  then  lessened.  In 
central  telegraph  offices,  where  several  thousand  cells  are  likely  to 
be  used,  DanielPs  battery  is  found  the  most  advantageous.  If  prop- 
erly cared  for,  it  will  keep  for  months  in  action. 

548.  Ohm's  Law.  —  In  a  galvanic  battery  there  ai'e 
three  objects  of  consideration :  the  electromoiive  fvree^  or  the 
force  by  which  the  electricity  is  set  in  motion  in  the  voltaic 
circuit ,  tlic  resiitimce^  or  tlie  op]>osition  to  the  passage  of  the 
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current ;  and  the  intimity  of  the  electricity,  or  its  power  of 
traversing  a  conductor  with  marked  effect.  Intensity  may 
be  more  accurately  defined  as  the  quantity  of  electricity  which 
passes  through  a  conductor  in  a  unit  of  time. 

The  law  established  by  Ohm  is  expressed  as  follows :  The  in- 
tensity of  the  current  equals  the  electromotive  force  divided  by  the 
resistance. 

The  resistance  of  a  conductor  depends  upon  three  things :  its  con- 
ductivity, its  cross-section,  and  length.  The  less  the  conducting 
power,  the  greater  the  resistance ,  the  greater  the  cross-section,  the 
less  the  resistance ;  and  the  greater  the  length,  the  greater  the  resist- 
ance. The  larger  the  wire,  the  less  obstruction  to  the  passage  of  the 
current,  and  the  longer* the  wire,  the  greater  obstruction. 

In  an  ordinary  cell  there  are  two  resistances  *  that  offered  by  the 
liquid  conductor  between  the  two  plates,  called  the  internal  resistance, 
and  that  by  the  conductors  outside,  called  the  external  resistance. 
The  resistance  of  the  liquid  conductor  is  vastly  greater  than  that  of 
any  metal.  The  distance  between  the  plates  Ss  the  length  of  the 
liquid  conductor,  and  the  size  of  the  plates  the  area  of  its  cross- 
section.  When  the  internal  and  external  resistances  are  equal,  we 
get  the  most  satisfactory  results. 

The  unit  of  resistance  is  called  an  ohm.  The  resistance  of  an 
ordinary  Dauiell's  cell  is  about  half  an  ohm  j  of  a  mile  of  submarine 
telegraph  cable,  from  four  4o  twelve  ohms.  Copper  wire  ^  of  an 
inch  m  diameter  has  a  resistance  of  about  one  ohm  for  sixty  feet. 

549.  Quantity  and  Intensity.  — A  battery  may  de- 
velop a  large  amount  of  electricity  with  little  intensity,  or 
a  small  amount  with  great  intensity.  The  intensity  de- 
pends upon  the  number  of  cells,  the  quantity'  upon  the  extent 
of  surface.  If  the  external  resistance  is  great  compared  with 
the  internal,  increasing  the  number  of  cells  adds  to  the  inten- 
sity ;  as  in  the  case  of  the  electric  light,  since  the  current  must 
pass  between  the  charcoal  points  through  the  air-space,  the 
resistance  must  be  great  and  the  number  of  cells  should  be 
large. 

To  secure  great  intensity  we  can  fonn  a  battery  of  couples,  Bun- 
sen's  for  example,  by  connecting  the  zinc  cylinder  of  one  couple  with 
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the  carbon  cylinder  of  the  next,  as  shown  in  Fig.  373.   This  is  called 
a  battery  of  high  resistance j  or  intensity  battery. 

If  the  external  resistance  is  small,  not  much  is  gained  by  increas- 
ing the  number  of  cells,  as  the  internal  resistance  increases  in  the 
same  proportion ;  but  the  best  effects  are  secured  by  increasing  the 
size  of  the  plates,  or,  as  in  the  Bunsen  battery,  by  connecting  all 
the  zinc  cylinders  together  so  as  to  form  one  great  zinc  cylinder,  and 
all  the  carbon  cylinders  to  form  one  great  carbon  cylinder. 


Fig.  373. 

A  battery  so  arranged  yields  large  quantities  of  electricity,  and  is 
called  a  battery  of  low  resistance j  or  quantity  battery.  Such  a  bat- 
tery is  desirable  when  a  great  amount  of  heat  is  wanted  in  melting 
an  irt»n  wire,  for  instance.  A  few  cells  of  large  size,  connected  as 
stated  above,  are  better  for  this  pui*pose  than  many  small  ones. 
For  general  use  batteries  of  some  intensity  and  considerable  quan- 
tity are  best.  Very  good  results  are  ob- 
tained by  making  several  groups  of  cells 
for  quantity,  and  connecting  these  groups 
so  as  to  have  an  arrangement  for  iu- 
tensity. 

An  excellent  arrangement  for  a  battery 
of  six  elements  is  represented  in  Fig.  374. 

550.    Frictional  compared  with 

Galvanic   Electricity.  —  There  are 

several  peculiarities  which  distinguish 

galvanic  from  frictional  eleetricit\'.    It 

Fig.  374.  will  not  pass  through  non-conductors, 
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like  frictional  electricity;  the  cuiTent  begins  and  continues 
steadily  with  the  chemical  action  in  the  cells,  whereas  fric- 
tional electricity  accumulates  and  is  discharged  with  instan- 
taneous explosive  power;  voltaic  electricity  also  clings  to 
conductors  with  more  pertinacity  than  frictional,  which  makes 
it  available  for  telegraphing. 

The  electricity  of  the  machine  is  small  in  quantity,  but  of  enor- 
mous intensity ;  that  of  the  battery,  of  enormous  quantity  but  slight 
intensity.  It  is  the  intense  energy  of  the  former  that  enables  it  to 
pass  through  poor  conductors,  as  the  lightuiug  through  the  inter- 
vening air,  while  the  feeble  energy  of  the  latter  allows  it  to  pass 
through  only  the  smallest  interval  of  air,  but  makes  it  follow  the 
conducting  wire  with  faithful  accuracy  from  continent  to  continent. 

Tyndall  compares  frictional  electricity  to  a  cubic  inch  of  air, 
which,  if  compressed  with  sufficient  power,  may  be  able  to  rupture 
a  very  rigid  envelope ;  and  voltaic  electricity  to  a  cubic  yard  of  air, 
which,  if  not  so  couipi-essed,  may  exert  but  a  feeble  pressure  upon  the 
surfaces  which  bound  it. 

The  positive  conductor  of  an  electrical  machine  corresponds  to  the 
positive  pole  of  a  galvanic  battery,  and  the  negative  ccmductor  to 
the  negative  pole,  and  the  friction  on  the  plates  to  the  chemical  action 
in  the  couples. 

Summary.  — 

Voltaic  Batteries. 

Definition. 

Voltaic  Pile. 

Pile  illustrated  by  Figure. 
Constant  Batteries. 

Disuse  of  Voltaic  Pile. 

Action  of  Constant  Battery. 

Smee^s  Battery. 

Potassium  Bi-chromate  Battery. 

Mercury-Sulphate  Battery. 

DanielVs  Battery. 

Grove's  Battery. 

Bunsen's  Battery. 

Fumes  of  Grove's  and  Bunsen's  Batteries. 
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Ohm^s  Law. 

Dctiuition  of  Terms. 

Statement  of  the  Law. 

External  and  Internal  Resistances. 

Definition  of  the  Ohm. 
Quantity  and  Intensity  of  Electricity. 

Illustrated  by  Figure. 

Batteries  of  High  and  Low  Resistances. 

An*angement  of  Six  Elements  illustrated  by  Figure. 
Frictional  compared  toith  Galvanic  Electricity, 

Illustrations  uf  their  Differences. 

TyndalFs  Comparison  of  the  Two. 


SECTION  II.  —  APPLICATIONS   OP   GALVANIC   ELECTRICITY. 

551.  Effects  of  the  Galvanic  Battery. — The  Effects 
OF  THE  Galvanic  Battery  ma}-,  for  convenience  of  stud^*,  be 
divided  into  physiohgicaly  heating^  illuminating^  chemical^  and 
magnetic.  They  are  all  due  to  the  recombination  of  the  two 
electricities,  as  in  machine  electricity^  but  they  are  more  re- 
markable and  more  energetic,  because  of  their  continuous 
action. 

552.  Physiological  Effects.  —  The  Physiological  Ef- 
fects of  galvanic  electricity  are  a  succession  of  shocks  pro- 
ducing violent  muscular  contractions,  not  only  in  living,  but 
in  dead  animals,  as  shown  in  the  case  of  Galvani's  frog 

If  we  touch  hut  one  of  the  poles  of  a  galvanic  battery,  no  shock 
is  felt,  but  if  we  take  both  electrodes  in  our  hands,  which  have  been 
moistened  with  acidulated  water  to  increase  the  conductivity,  we  feel 
a  sensation  similar  to  a  shock  from  a  Leyden  jar,  with  this  differ- 
ence, that  the  latter  is  instantaneous,  while  that  from  the  galvanic 
battery  is  continuous.  The  battery  must  be  very  powerful,  other- 
wise the  sensation  will  hardly  be  perceptible.  The  action  of  the 
battery  keeps  up  a  continuous  supply  of  the  two  electricities,  which 
supplies  the  place  of  that  lost  by  recombination  in  passing  through 
the  body  of  the  experimenter. 
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The  effect  of  galvaDic  electricity  upon  the  bodies  of  dead  animals 
is  peculiarly  striking.  It  produces  violent  contractions  of  the  muscles, 
causing  motions  similar  to  those  of  the  living  being. 

553.  Heating  Effects. — When  a  current  of  galvanic 
electricity  is  passed  through  a  conductor,  it  becomes  heated, 
arid  often  to  such  a  degree  as  to  produce  fusion  or  even  va- 
porization. When  a  powerful  current  is  passed  through  a  wire 
of  very  small  diameter,  it  soon  becomes  incandescent,  and 
then  melts  or  is  dispersed  in  vapor,  and  burns  with  splendid 
brillianc}'. 

The  smaller  the  wire  and  the  less  the  conducting  power,  the 
greater  the  resistance  to  the  current,  and  the  more  intense  the  heat. 
Silver  bums  with  a  greenish  light,  much  smoke  arising  from  the 
vaporization  of  the  metal.  Gold  bums  with  a  bluish  white  light. 
Platinum,  which  is  infusible  in  the  most  intense  heat  of  our  furnaces, 
melts  into  spherical  globules  with  a  dazzUng  light.  Carbon  is  the 
only  body  which  has  not  been  fused  by  galvanic  electricity.  Des- 
PRETZ,  however,  by  passing  a  current  through  small  rods  of  pure 
carbon,  succeeded  in  softening  them  so  much  that  they  could  be  bent 
aind  made  to  adhere,  which  indicates  an  approach  to  fusion. 

The  heat  thus  developed  is  used  in  firing  nitro-glycerine  and  gun- 
powder blasts  even  under  water.  The  explosive  substunc^  is  placed 
in  a  tightly  closed  vessel,  and  through  it  a  fine  platinum  wire  is  con- 
nected at  either  end  with  the  wires  from  a  battery.  On  account  of 
the  fineness  and  poor  conductivity  of  the  platinum  it  offers  great  re- 
sistance to  the  passage  of  the  current,  and,  becoming  red-hot,  ignites 
the  charge.  We  can  show  that  the  heat  produced  is  proportioned  to 
the  resistance  it  encounters  in  the  conductor  by  passing  a  strong  cur- 
rent of  electricity  through  a  chain  composed  of  alternate  links  of  silver 
and  platinum;  the  platinum  becomes  red-hot,  while  the  silver  re- 
mains dark. 

554.  Illuminating  Effects.  —  The  heating  effects  just 
described  are  accompanied  with  a  disengagement  of  more  or 
less  light ;  but  to  obtain  the  most  brilliant  electrical  light  pos- 
sible, dense  carbon  points  are  employed.  They  are  at  first 
placed  in  contact,  one  being  connected  with  the  positive,  and 
the  other  with  the  negative  pole  of  a  i>owerful  galvanic  bat- 


Digitized 


by  Google 


474 


ELECTBICITY, 


ter}'.     The  points  immediately  become  incandescent,  emitting 
a  light  of  dazzling  brightness. 

If  the  points  are  slightly  separated  (Fig.  375),  the  current  still  contin- 
ues to  pass  between  them,  and  the  light  takes  the  form  of  a  luminous 
arc,  called  the  voltaic  arc.  The  point  connected 
with  the  positive  pole  wastes  away,  while  the 
other  increases  in  size;  hence  we  conclude 
that  particles  of  cai'bon  are  for  the  most  part 
transported  from  the  former  to  the  latter :  tliis 
explains  how  the  current  continues  to  pass  iu 
spite  of  the  interval  which  separates  them.  The 
incandescent  particles  are  seen  traversing  the 
arc,  sometimes  in  one  direction  and  sometimes 
in  the  other,  the  prevailing  direction,  however, 
being  that  of  the  positive  current. 

This  action  is  more  manifest  in  a  vacuum 
where  a  sort  of  cone  grows  upon  the  negative  car- 
bon, while  a  conical  cavity  is  found  in  the  posi- 
tive ;  there  is  no  combustion  in  the  vacuum,  but 
only  a  transfen'ence  of  particles  as  mentioned. 

In  the  figure,  which  represents  the  arc  in  its 
simplest  form,  the  distance  between  the  points 
is  regulated  by  hand,  but  iu  practice  this  is 
riore  effectually  accomplished  by  automatic  regulators. 

The  subject  of  the  electric  light  will  be  further  considered  under 
the  head  of  Magneto-Electricity. 

555.  Chemical  Effects.  —  The  most  important  chemical 
effects  produced  by  galvanic  electricity  are  the  decomposi- 
tion of  chemical  compounds  in  solution,  and  the  transporta- 
tion of  their  elements. 

Substances  thus  decomposed  are  called  electrolytes ;  the  pro- 
cess is  called  electrolysis. 

To  analyze  water  we  may  employ  the  apparatus  shown  in 
Fig.  376.  It  consists  of  a  glass  dish  with  a  wooden  bottom. 
Rising  from  the  bottom  are  two  platinum  wires,  which  pass 
through  the  wooden  stand  and  terminate  in  the  tubes,  a  and  b. 
These  wires  serve  as  electrodes. 

The  glass  vessel  is  partially  tilled  with  water,  to  which  a  small 
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quantity  of  sulphuric  acid  is  added  to  improve  its  conducting  power 
for  pure  water  is  a  very  imperfect  conductor.  Two  narrow  bell- 
glasses,  H  and  0,  are  filled  with  water  and  inverted  over  the  two 
platinum  wires.  The  tube,  a,  is  then  connected  with  the  positive 
pole  of  the  battery,  and  the  tube,  6,  with  the  negative  pole.  A  cur- 
rent is  set  up  from  one  wire  to  the  other  through  the  water,  and 
decomposition  begins,  as  is  shown  by  bubtles  of  gas  rising  in  the  two 
bell-glasses. 

By  testing  the  gases  thus  obtained,  we  find  tliat  in  the  glass,  0, 
corresponding  to  the  positive  pole  of  the  battery,  is  pure  oxygen, 
while  that  in  the  glass,  H,  corresponding  to  the  negative  pole,  is 
pure  hydrogen.     We  see  also  that  the  volume  of  hydrogen  is  twice 


Fig.  876. 

that  of  the  oxygen.  This  experiment  shows  that  water  is  composed 
of  oxygen  and  hydrogen,  mixed  in  the  proportion  of  one  volume  of 
the  former  to  two  of  the  latter. 

The  botUes  separated  at  the  positive  pole  are  electro-negativej  as 
they  are  supposed  to  be  charged  with  negative  electricity,  and  those 
separated  at  the  negative  are  electro-posiUve.  Most  of  the  metals  go 
to  the  negative  pole,  and  the  non-metallic  substances  to  the  positive, 
when  the  electrodes  are  plunged  iuto  solutions  of  compounds  like 
chloride  of  copper,  iodide  of  potassium,  sulphide  of  iron,  etc. 

556.  Application  of  Electricity  to  Electrotyping. 
—  Electrotyping  is  the  operation  of  copying  metals,  wood- 
cuts, types,  and  the  like,  in  metal,  b}'  the  aid  of  galvanic 
electricity. 

The  first  step  is  the  preparation  of  a  mould  of  the  object 
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upon  the  accurac}'  of  which  depends  the  success  of  the  entire 
operation.  An  impression  of  the  object  is  taken  in  wax. 
The  surface  of  the  mould  to  be  copied  is  brushed  with 
powdered  graphite,  to  increase  its  conducting  power. 

Fig.  377  shows  the  method  of  depositing  the  metal  upon  the 
mould.  3f  is  a  vessel  filled  with  a  solution  of  sulphate  of  copper;  A 
and  B  are  metallic  rods  communicating  with  the  two  p  »les  of  the 
battery ;  the  mould  is  suspended  from  the  rod,  B,  and  fetcuig  it  is  a 
plate  of  pure  copper  suspended  from  the  rod,  A  ;  these  constitut©  tbe 
electrodes,  the  mould  being  the  negative  one. 


Fig.  377. 

The  cuiTent  which  is  set  up  through  the  solution  of  copper  be- 
tween the  electrodes  decomposes  the  sulphate  into  sulphuric  acid 
and  pure  copper.  The  sulphuric  acid  goes  to  the  copper  plate, 
and,  uniting  with  it,  produces  sulphate  of  copper ;  the  pure  copper 
goes  to  the  negative  electrode,  that  is,  to  the  mould,  and  is  there 
deposited.  After  about  twelve  houi-s,  or  four  hours  with  powerful 
batteries,  the  coating  of  copper  becomes  thick  enough  to  be  re- 
moved from  the  mould,  and  it  then  presents  a  fac-simile  of  the 
object  to  be  copied.  In  copying  medals,  each  face  is  copied  sepa- 
rately, and  the  two  are  united  by  means  of  some  fusible  metal  placed 
between  them. 
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557.  Electro-plating  and  Electro-gilding.  —  The  pro- 
cess of  covering  bodies  with  thin  coatings  of  gold  or  silver 
is  analogous  to  that  of  electrot^ping.  The  perfection  of  the 
process  consists  in  making  the  coating  of  gold  or  silver  not 
onl^-  of  uniform  thickness,  but  also  closely  adherent. 

The  method  of  silvering,  or  electro-plating,  is  shown  in  Fig.  378. 
The  object  to  be  silvered  is  suspended  in  a  bath  of  a  silver  solution  by 
a  metallic  rod  which  connects  with  the  negative  pole  of  a  battery. 
Immediately  l)elow  it  is  a  plate  of  pure  silver,  which  is  connected  with 
the  positive  pole  of  the  battery.     The  object  to  be  silvered  and  the 


Fig.  378. 

silvrr  plate,  a,  constitute  the  electrodes,  a  being  the  positive  one. 
The  explanation  of  the  process  is  analogous  to  that  in  the  preceding 
article. 

The  salt  of  silver  generally  employed  is  a  cyanide  of  silver,  which 
is  dissolved  in  cyanide  of  potassium.  The  thickness  of  the  coating 
dejx>sited  will  depend  upon  the  i)Ower  of  the  battery  and  upon  the 
time  of  immersion. . 

The  process  of  electro-gilding  is  the  same  as  that  of  silvering, 
except  that  we  use  a  cyanide  of  gold,  dissolved  in  cyanide  of  potas- 
sium, and  a  plate  of  gold  at  a,  instead  of  a  silver  one. 

A  vessel  may  l>e  **  gold-lined"  by  filling  it  with  a  solution  of  gold, 
suspending  in  it  a  slip  of  gold  firom  the  positive  pole  of  the  battery, 
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jand  then  attaching  the  negative  pole  to  the  vessel.    In  a  short  time 
a  thin  layer  of  gold  will  cover  the  surface. 

Summary.  — 

Effects  of  the  Galvanic  Battery. 
Physiological.  —  Experiments. 
Heating  (with  metals  and  carbon). 

Method  of  exploding  Nitro-glyc^rine  and  Gunpowder 
by  Battery. 
Illuminating. 
The  Voltaic  Arc.  —  How  formed.  —  Illustrated   by 
Figure. 
Chemical. 
The  Analysis  of  Water,  explained  by  Figure. 
Application  of  Electricity  to  Electrotyping, 
Definition  of  the  Term. 
Preparation  of  the  Mould. 
Deposition  of  the  Metal  illustrated  by  Figure. 
Application  of  Electricity  to  Electro-plating  and  Ekdro- 
gilding. 

Process  illustrated  by  Figure. 


SECTION    III.  —  FUNDAMENTAL  PRINCIPLES  OF  ELECTRO-MAGNETISM. 

558.  Relation  bet^^een  Magnetism  and  Electricity. 
—  It  was  obsen^ed  at  an  early  period  that  the  magnetic  and 
electrical  forces  had  many  analogous  properties.  In  each 
case  like  poles  repel,  while  unlike  attract.  It  was  also  ob- 
served that  a  stroke  of  lightning  often  reversed  the  ix)les  of 
a  magnetic  needle,  and  sometimes  completel}'  destro3'ed  its 
magnetism.  The  two  have  also  points  of  dissimilarity'.  Mag- 
netism is  not  transmitted,  like  electricity,  through  conductors. 
A  magnet  does  not,  like  an  electrified  body,  return  to  a  neu- 
tral state  when  brought  into  communication  with  the  earth. 
Magnetism  can  only  be  developed  in  a  few,  whereas  electricity 
may  be  developed  in  all  bodies. 
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Between  these  analogies  and  dissimilarities  nothing  positive  could 
be  affinned  with  respect  to  the  identity  of  magnetism  and  electricity, 
until,  in  1819,  Oersted  made  a  discovery  which  showed  that  these 
physical  agents  are  most  intimately  allied,  if  not  identical.  They 
are  now  regarded,  as  previously  stated,  by  physicists  generally,  to  be 
identical. 

559.  Action  of  an  Electrical  Current  upon  a  Mag- 
net. —  Oersted  discovered  the  fact  that  an  electrical  current 
has  a  directive  power  over  the  magnetic  needle,  tending  al- 
ways to  direct  it  at  right  angles  to  its  own  direction. 


Kg.  879. 

This  action  may  be  shown  by  the  apparatus  represented  in  Fig.  379. 
If  a  wire  be  placed  parallel  to  and  pretty  near  a  magnetic  needle,  and 
then  a  current  of  electricity  be  passed  through  it,  the  needle  will  turn 
around,  and  after  a  few  oscillations  will  cxjme  to  rest  in  a  position 
sensibly  at  right  angles  to  the  current.  That  it  does  not  take  a 
position  absolutely  perpendicular  to  that  of  the  current  is  because  of 
the  directive  force  of  the  earth,  which  partially  counteracts  that  of 
the  current. 

The  direction  towards  which  the  north  end  of  the  needle  will 
turn  depends  upon  the  direction  of  the  current.  If  that  flows  firom 
south  to  north,  and  above  the  needle,  the  north  pole  of  the  needle 
deviates  towards  the  west ;  if  it  flows  towards  the  south,  and  above 
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the  needle,  the  north  pole  of  the  needle  deviates  towards  iho  east. 
When  the  current  flows  helow  the  needle,  the  phenomena  are  reversed. 

560.  Ampere's  Law.  —  AmpIke,  to  whom  the  discovery 
of  the  greater  portion  of  electro-magnetic  phenomena  is  due, 
gave  a  simple  expression  to  the  law  which  governs  the  action 
of  a  current  upon  a  magnet.  He  supposes  an  observer  lying 
down  upon  the  wire  along  which  the  current  flows,  the  current 
entering  at  the  feet  and  going  out  at  the  head.  Then,  if  Ih; 
turn  his  face  alwa3's  towards  the  needle,  the  north  pole  will  in 
all  cases  be  deviated  towards  his  left  hand. 


Fif?.  380. 

561.  Action  of  Magnets  upon  Currents,  and  of 
Currents  upon  Currents.  —  AMpi»E  established  the  fol- 
lowing principles :  — 

1.  Magnets  exercise  a  directive  force  upon  currents. 

To  illustrate  this,  wc  bond  a  copper  wire  into  a  cirealar  form,  aD«I 
then  dip  its  extremities,  which  should  be  pointed  with  steel,  intai 
cups  of  mercury,  one  Hl>ove  the  other,  as  shown  in  F1|!f.  380.  The«e 
cups  communicate  with  the  two  poles  of  a  battery,  by  means  of  which 
a  current  may  be  penemted,  flowing  hs  indicated  by  the  arrows. 
Now,  if  a  bar  magnet  be  brought  near  this  current,  the  axis  being  in 
the  plane  of  the  current,  wc  shall  see  the  hoop  turn  about  the  steel 
points  in  the  cups,  and  come  to  rest,  with  its  plane  per)>eiHlicu]ar  lo 
the  axis  of  the  magnet. 
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2.  The  earth,  which  acts  like  a  huge  magnet  upon  a  mag- 
netic needle,  acts  in  the  same  manner  upon  movable  currents  ; 
that  is,  it  directs  them  so  that  they  are  perpendicular  to  the 
magnetic  meridian. 

This  may  be  shown  by  the  apparatus  of  Fig.  380.  If  the  commu- 
uication  with  the  battery  be  cut  off,  and  the  lioop  be  turned  till  its 
plane  coincides  with  the  magnetic  meridian,  it  will  remain  in  that 
position.  If  now  a  current  be  passed  through  it,  we  see  it  turn 
slowly  around  the  pivots,  so  as  to  take  a  position  at  right  angles  to 
the  meridian.  It  will  turn  in  such  a  direction  that  the  current  in 
the  lower  part  of  the  hoop  will  flow  from  east  to  west. 

3.  The  wires  of  two  parallel 
currents  atti-act  each  other 
when  the  currents  flow  in  the 
same  direction,  if  there  is  free- 
dom of  motion  for  the  wires, 
and  repel  each  other  when  they  '^v 
flow  in  opposite  directions. 

4.  If  a  wire  be  coiled  as  represented  in  Fig.  381,  and  then 
be  suspended  by  its  steel  points  in  the  cups  of  mercury  (Fig. 


r 


Fig.  381. 


Fig   382. 

880),  it  will,  when  a  current  is  passed  through  it,  arrange 
itself  in  the  meridian  like  a  magnetic  needle. 

When  the  current  takes  the  direction  of  the  arrows,  the  end,  a. 
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is  directed  towards  the  north.  The  spiral  in  Fig.  381  is  technically 
called  a  helix.  When  thus  suspended,  the  helix  has  all  the  proper- 
ties of  a  magnet,  and  is  subject  to  the  same  laws  of  attraction  and 
repulsion.  A  helix  of  the  kind  described  is  called  a  solenoid.  A 
solenoid  is  only  complete  when  its  wire  passes  in  the  direction  of  the 
axis  in  the  interior  of  the  helix.  If  two  solenoids  are  brought  near 
each  other,  as  represented  in  Fig.  382,  like  poles  will  repel  and  un- 
like attract,  as  in  the  case  of  a  magnet. 

562.  Ampere's  Theory  of  Magnetism. — From  the 
facts  explained  in  the  last  article,  Ampere  deduced  a  theory  of  mag- 
netism. He  supposes  magnetism  to  be  due  to  currents  of  electricity 
flowing  around  the  ultimate  molecules  of  a  magnet,  always  in  the 
same  direction.  In  a  body  not  magnetized  these  currents  are  sup- 
posed to  have  directions  not  parallel.  The  currents  in  the  interior  of 
the  magnet  neutralize  each  other,  as  their  adjacent  parts  oppose  one 
another,  and  consequently  the  totdl  effect  of  all  the  currents  in  a 
magnet  is  the  same  as  that  of  a  set  of  suiface  currents  flowing  around 
the  magnet  in  such  a  direction  that  if  we  place  the  eye  at  the  south 
end  of  a  magnet^  and  look  in  the  direction  of  the  axis,  the  current 
will  flow  around  in  the  same  direction  as  the  hands  of  a  watch. 


Fig.  388. 

In  Fig.  383  we  have  the  large  circles,  N  and  S,  with  the  surface 
and  molecular  currents  represented.  N  and  S  are  the  north  and  south 
ends  of  a  magnet.  Between  these  two  ends  is  a  magnet  with  its 
parallel  surface  currents. 

This  theory  explains  why  like  poles  repel  and  unlike  attract.  If 
unlike  poles  are  brought  near  each  other,  the  electric  currents  on  their 
adjoining  sides  will  have  the  same  direction;  and  since  two  currents 
having  the  same  direction  attract  each  other,  the  two  poles  will  also 
attract  each  other.  If  like  poles  are  brought  together,  the  current  of 
the  adjacent  sides  will  have  opposite  directions,  and  the  poles  will 
repel  each  other. 
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563.  The  Galvanometer.  —  Galvanic  Multiplier. — A 
Galvanometer  is  an  instrument  for  measuring  the  force  of  an 
electrical  current.  In  its  sim- 
plest fonn  it  consists  of  a 
magnetic  needle  (aft,  Fig. 
384)  with  a  conducting  wire 
passed  around  it  in  the  direc- 
tion of  its  length. 

When  a  current  of  electricity 
is  passed  through   the  wire,  its  Fig-  884. 

presence  will  he  indicated  hy  a  motion  of  the  needle,  its  force  hy  the 
amount  of  deviation  of  the  needle,  and  the  direction  of  the  current 
will  he  indicated  hy  the  direction  towards  which  the  north  end  of  the 
needle  deviates. 


Fig.  386. 

The  Galvanic  Multiplier  is  a  galvanometer  of  great  sensitive- 
ness, hut  constructed  on  the  same  principles  as  the  one  already 
descrihed. 

It  is  represented  in  Fig.  385.     It  consists  of  a  copper  stand,  M, 
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HupportiDg  a  glass  cylinder,  as  shown  in  the  figure.  Under  the  cylin- 
der is  a  graduated  circle,  beneath  which  is  a  wooden  frame  wound  with 
a  great  number  of  coils  of  copper  wire.  The  wire  is  insulated  by  being 
covered  with  silk.  The  two  ends  of  the  coil  communicate  with  the 
binding-screws,  m  and  n,  by  means  of  which  they  may  be  made  to 
communicate  with  the  poles  of  a  voltaic  couple.  A  metallic  frame 
supports  a  hook,  from  which  is  suspended  a  delicate  silken  cord,  s. 
This  cord  supports  two  fine  magnetic  needles,  the  one,  a  6,  above  the 
graduated  circle,  and  the  other,  B,  within  the  coil,  only  a  part  of 
which  is  visible  in  the  figure.  The  two  needles  are  so  united  that 
one  cannot  turn  without  the  other,  and  their  poles  being  placed  in 
opposite  directions,  the  action  of  the  earth  upon  them  is  completely 
neutralized.    Hence  they  are  free  to  obey  the  least  force. 

This  combination  of  needles  is  caUed  an  astatic  needle,  and  the 
galvanometer  in  which  it  is  used  an  astatic  galvanometer, 

564.  Uses  of  the  Galvanic  Multiplier.  — The  multiplier 
is  used  to  indicate  the  feeblest  currents  of  electricity.  B}"- 
meaus  of  it  Becquerel  established  the  fact  that  a  current  is 
developed  in  every  chemical  action,  in  the  imbibition  of 
liquids,  and  in  many  other  phenomena.  By  using  a  galva- 
nometer with  many  thousands  of  turns  of  wire,  the  existence 
of  electrical  currents  in  animals  and  vegetables  may  be 
demonstrated. 

To  show  the  currents  developed  by  chemical  action,  as,  for  exam^ 
pie,  the  action  of  acids  upon  metals,  two  fine  platinum  wires  are  in- 
troduced into  the  binders,  m  and  w.  One  end  of  one  of  the  wires  is 
then  dipped  into  a  glass  of  dilute  sulphuric  acid,  and  the  other  is  held 
in  contact  with  a  plate  of  zinc,  which  is  also  dipped  into  the  dilut-e 
acid.  The  two  needles  which  were  before  parallel  to  0 1,  and  which 
we  suppose  to  have  been  placed  in  the  magnetic  meridian,  imme- 
diately turn  round  and  become  perpendicular  to  the  meridian,  indi- 
cating the  instantaneous  production  of  a  current. 

565.  Magnetizing  by  means  of  an  Electrical  Cur- 
rent. —  If  a  wire  be  wound  around  a  bar  of  iron,  and  a 
current  of  electricity  be  passed  through  the  wire,  it  is  at  once 
converted  into  a  magnet.  The  method  of  making  the  experi- 
ment is  shown  in  Fig.  386. 
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If  the  current  cease,  the  iron  bar  at  once  loses  its  magnetism. 
We  may  in  like  manner  fonn  a  permanent  magnet  by  using  a  bar  of 
steel  instead  of  a  bar  of  iron. 

Fig.  386. 
The  bar  of  steel  may  also  be  magnetized  by  passing  through  the 
wire  a  spark  from  a  Leyden  jar.  To  do  this,  one  end  of  the  wire  is 
made  to  touch  the  external  covering  of  the  jar,  and  the  other  end  is 
brought  into  contact  with  the  button  of  the  jar.  The  steel  bar 
is  magnetized  instantaneously,  thus  showing  the  identity  between 
the  electricity  of  the  galvanic  current  and  that  of  the  Leyden  jar. 

Summary.  — 

Relation  between  Magnetism  and  Electricity. 
Action  of  an  Electrical  Current  upon  a  Magnet, 

Ilhistrated  by  Figure. 
Ampire's  Law. 

Action  of  Magnets  upon  Currents,  and  of  Currents  upon 
Currents. 

1.  Magnets  exercise  a  Directive  Force  upon  Currents. 

2.  The  Earth  acts  like  a  huge  Magnet  upon  Movable 
Cun'ents. 

Illustrated  by  Figure. 

3.  Action  of  Parallel  Currents  upon  each  other. 

4.  Action  of  the  Current  upon  a  Helix  suspended  in  Cups 
of  Mercury. 

Illustrated  by  Figure. 

Action  of  two  Solenoids  upon  each  other  illustrated  by 
Figure. 
Amph'^s  Theory  of  Magnetism. 

Illustrations. 

Like  Poles  repel  and  Unlike  attract,  explained  by  Figure. 
Galvanometer. 

Action  illustrated  by  Figure. 
Galvanic  Multiplier. 

Description  by  Figure. 

Use  and  Mode  of  Action. 
Magnetizing  by  means  of  an  Electrical  Current 

Method  illustrated  by  Figure. 
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SECTION   IV.  —  ELECTRO-MAGNETIC     TELEGRAPHS.  —  THE    ELECTRO- 
MOTOR. 

566.  The  Electro-magnet.  —  An  Eleotro-magnet  is  a 
magnet  obtained  by  the  use  of  electricity. 

Electro-magnets  are  generally  made  of  soft  iron,  bent  in  the  form 
of  a  horse-shoe,  as  shown  in  Fig.  387. 
Upon  each  branch  is  wound  a  great 
number  of  coils  of  wire,  insulated  by 
being  covered  with  silk.  In  order 
that  the  two  ends  of  the  horse-shoe 
may  have  opposite  polarities,  the  wire 
must  be  coiled  on  the  two  limbs,  A 
and  By  in  such  a  way  that  if  the  mag- 
net were  straightened  out  it  would  run 
in  the  same  direction;  ifcs  extremities 
are  then  connected  with  the  poles  of 
a  battery. 

In  this  way  magneta  may  be  con- 


b 


Fig.  387. 

structed  of  immense  power,  so  powerful,  in  fact, 
as  to  support  the  weight  or  ten  of  twelve  per- 
sons. Fig.  367  represents  the  method  of  arrang- 
ing the  details  of  a  magnet  which  is  intended 
to  exhibit  a  great  sustaining  power. 

The  plate  in  contact  with  the  two  poles  is 
called  an  armature. 

When  the  instrument  is  of  soft  iron  it  is 
magnetized  instantaneously  by  the  passage  of  a 
current  of  electricity  through  the  wire,  and  as 
instantaneously  loses  its  magnetism  when  the 
current  is  stopped,  or  broken.  This  property 
has  been  utilized  in  the  electro-magnetic  tele- 
graph. 

The  helix  itself  becomes  magnetized  as  well 
as  the  soft  iron.  Let  a  current  pass  through 
a  helix,  as  shown  in  Fig.  J388;  a  rod  of  iron 
placed  below  it  will  be  drawn  up  by  the  action 
>f  the  magnetized  coil. 


i 


Fig.  38a 
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567.  The  Electrical  Telegraph. — An  Electrical 
Telegraph  is  an  apparatus  for  transmitting  intelligence  to 
a  distance  by  means  of  electrical  currents.  Morse's  tele- 
graph is  more  extensively  used  than  any  other,  and  the  prin- 
ciple on  which  it  is  operated  is  very  simple. 

At  the  station  from  which  a  telegram  is  despatched  is  an  elec- 
trical hattery,  and  at  the  one  where  it  is  to  he  received  is  an 
electro-magnet.  The  two  are  cx)nnected  hy  a  wire  running  he- 
tween  the  stations.  When  the  current  is  transmitted  through 
the  wire,  the  iron  hecomes  magnetized  and  attracts  an  armature  of 
soft  iron,  which  in  turn  imparts  motion  to  other  pieces,  hy  means 
of  which  the  signals  are  imparted.  When  the  current  ceases,  the 
iron  loses  its  magnetism,  and  a  spring  forces  the  armature  hack 
to  its  primitive  position.  By  successively  hreaking  and  restoring  the 
current,  the  telegram  is  transmitted.  As  a  matter  of  fact,  however, 
each  station  has  the  transmitting  and  receiving  apparatus. 


Fig.  389. 

568.  The  Register.  —  One  form  of  the  receiving  apparatus  is 
the  register  represented  in  Fig.  389,  which  is  composed  of  an  electro- 
magnet, Ej  which,  whenever  a  current  is  transmitted,  as  at  -4,  acts 
hy  attraction  upon  an  annature  of  soft  iron,  m,  fixed  at  the  extremity  of 
a  lever,  m  n,  and  movahle  ahout  an  axis.  At  its  extremity,  w,  the 
lever  carries  a  point,  a?,  which  may  he  made  to  press  against  a  mov- 
ahle slip  of  paper,  ah.  When  the  current  does  not  jiass  through 
the  electro-magnet,  the  point,  x^  does  not  press  against  the  paper; 
hut  as  soon  as  the  current  passes,  the  point  is  pressed  against  the 
paper,  and  traces  upon  it  either  a  poirnt  or  a  line  more  or  less  elon- 
gated, according  to  the  length  of  time  during  which  the  current  is 
uninterrupted. 
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The  slip  of  paper  is  kept  in  motion  uniformly  by  means  of  a  train 
of  clock-work,  which  turns  the  cylinder,  Z,  The  slip  of  paper  mov- 
ing uniformly  in  the  direction  from  a  to  6,  the  operator  at  the  other 
station,  by  pressing  the  button  of  the  key,  and  maintaining  the  pres- 
sure for  greater  or  lesser  periods-of  time,  causes  a  succession  of  points 
and  marks  to  be  made  upon  the  paper  at  pleasure.  The  current, 
after  making  the  circuit  of  the  helix,  passes  out  at  T, 

The  register  just  described  is  now  going  out  of  use,  and  an  instru- 
ment called  the  ** sounder"  is  employed.  It  is  simply  a  register 
without  the  slip  of  paper  and  clock-work  attachment.  The  message 
is  read  by  the  operator  from  the  clicking  of  the  armature,  and  cop* 
ied  by  himself,  whereas  in  large  offices,  when  the  recording  appara- 
tus was  used,  an  operator  was  employed  to  read  the  despatch  from 
the  slip  of  paper  as  it  came  from  the  instrument,  and  a  copyist  stood 
ready  to  write  it  down.  By  means  of  sound-reading  the  expense 
thereby  is  much  lessened. 

The  following  table  contains  the  characters  of  Morse's  alphabet, 
now  in  general  use  throughout  the  world :  — 

ahcdefghi  j 

k  I  m         n         o  p  q  r  8       t 

u  V  w  X  y         z         d'  \  2 

;}  4  5  6  7  8  9  0 


A  space  about  equal  to  the  length  of  a  dash  is  left  between 
two  letters,  and  a  space  about  twice  this  length  between  two 
words. 

569.  Key  for  Transmitting.  —  For  opening  and  closing 
the  circuit  in  the  transmission  of  messages,  an  apparatus 
called  the  key  is  used.  It  consists  (Fig.  390)  of  a  metallic 
lever,  on  one  end  of  which  is  a  knob,  X  At  T  are  two 
platinum  points,  one  on  the  lever  and  the  other  on  the  metal- 
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Fig.d90. 


lie  plate  below.     C  and  D  are  the  wires  through  which  the 
current  passes. 

The  operator,  to  close  the  circuit 
and  send  the  message,  presses  the 
knoh  down  and  hrings  in  contact  the 
two  platinum  points  at  T,  The  cur- 
rent will  then  pass  through  the 
metallic  connections  out  at  the  wire, 
Z>,  to  the  next  station.  Y  is  a  mov- 
ahle  hrass  arm  that  slides  under  a  lip  for  the  purpose  of  closing 
the  circiiit  when  the  key  is  not  in  use.  A  spring  under  the  lever 
keeps  the  platinum  points  separated  when  the  pressure  is  removed 
from  the  knoh.  The  knohs,  Y  and  X,  are  hoth  non-conductors  to 
protect  the  operator  from  electric  shocks. 

570.  The  Relay.  —  It  is  onl}-  when  the  stations  are  a 
short  distance  apart,  generally  less  than  fifty  miles,  that  the 
receiving  instrument  is  operated  directly  hy  the  line  cuiTent. 
In  long  distances  this  becomes  too  feeble  to  do  this  effec- 
tivel}',  but  b}^  allowing  the  main  current  to  enter  an  instru- 
ment called  the  relay ^  a  local  current  is  generated  to  work  the 
register  or  sounder. 


Fig.  391. 

The  line  wire  enters  at  D  (Fig.  391),  traverses  the  helix  and  passes 
out  at  C  to  the  ground,  or  if  it  he  a  way- station  to  the  main  line.  A 
wire  from  A  connects  with  tlie  positive  pole  of  a  local  battery  of  two 
or  three  cells.    A  wire  from  B  goes  to  the  register  or  sounder,  and 
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thence  to  the  negative  pole  of  the  battery,  forming  tlie  complete  local 
circuit. 

When  the  distant  operator  transmits  a  message  by  means  of  the 
key  along  the  main  line,  it  passes  at  D  through  the  magnet,  K,  antl 
causes  the  armature,  Ef  to  move  back  and  forth  in  front  of  the 
magnet,  and  to  exactly  reproduce  in  its  movements  the  inteiTuptions 
of  the  cuiTent  made  by  the  key  of  the  operator. 

The  backward  motion  of-E  is  produced  by  sl  spring  which  is  reg- 
ulated at  H'y  the  forward  motion,  of  course,  by  the  attraction  of  the 
magnet.  When  E  moves  forward  it  brings  the  lever,  F,  in  contact 
with  Gy  and  thus  operates  the  local  circuit. 

The  register  or  sounder,  which  is  included  within  this  circuit,  is 
worked  in  precisely  the  same  way  that  the  key  affects  the  relay,  only 
with  far  greater  force. 

S7I.  Lightning  Arresters. — Experience  has  shown  that 
the  wires  may,  from  atmospheric  influences,  accumulate  upon  them- 
selves sufficient  quantities  of  electricity  to  prove  troublesome  to  the 
operators  of  the  telegi'aph.  To  prevent  any  injurious  action  of  this 
kind,  an  arrangement  is  sometimes  used  composed  of  two  toothed 
pieces  of  metal,  disposed  so  that  the  teeth  are  nearly  in  contact.  The 
cuiTent  passes  into  one  of  these  pieces,  while  the  other  is  in  commu- 
nication with  the  earth.  If,  from  any  atmospheric  change,  electricity 
accumulates  upon  the  wires  or  apparatus,  it  is  given  off  by  the  points 
TO  the  piece  which  is  in  communication  with  the  earth,  and  shocks 
are  thus  avoided. 

Other  forms  of  lightning  protectors  have  been  devised  that  are 
simple  and  effective.  It  is  not  necessary  that  the  lightning  should 
be  carried  to  the  earth,  but  only  diverted  from  the  relay  magnet. 
An  inexpensive  way  of  turning  aside  the  lightning,  and  one  of  which 
every  operator  can  avail  himself,  has  been  suggested.  Let  a  wire, 
larger  than  that  of  the  relay  magnet,  and  a  few  inches  in  length, 
run  from  each  main  circuit  binding -screw  of  the  relay,  and  end 
in  a  small  bottle  of  water.  The  wires  must  not  come  together, 
but  their  distance  from  each  other  can  be  varied  according  to 
circumstances. 

Water  being  a  poor  conductor  of  voltaic  electricity,  little  is  l(»st, 
most  of  it  preferring  the  magnetic  wire  j  but  atmospheric  electricity, 
by  its  great  intensity,  takes  the  short  water-route.  These  devices 
are  not  an  absolute  protection  j  but  during  a  severe  thunder-storm 
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relays  should  be  cut  off  from  the  main  line,  but  in  such  a  manner 
as  not  to  break  it. 

572.  The  Circuit.  —  In  what  has  been  said,  only  a  single 
wire  has  been  spoken  of  as  running  from  station  to  station. 
This  is  generally  an  iron  wire  which  passes  over  glass  insu- 
lators attached  to  tall  wooden  posts.  When  the  wires  are 
laid  under  ground  or  in  water,  they  are  insulated  by  a  coat- 
ing of  gutta-percha.  Copper  wires  are  commonly  used  in 
offices. 

It  would  seem  necessary,  in  order  to  complete  the  circuit,  that  a 
second  wire  should  be  employed.  Such,  however,  is  not  the  case. 
The  employment  of  a  second  wire  is  avoided  by  connecting  the  two 
ends  of  the  single  wire  with  the  earth.  When  gas  or  water  pipes 
enter  an  office  the  ground  wire  is  attached  to  them. 

If  there  are  no  such  c-onveniences,  copper  plates  several  feet  square 
at  each  station  are  buried  in  a  perpendicular  position,  at  sufficient 
depth  so  as  tf>  be  always  in  contact  with  moist  earth.  The  circuit 
is  thus  completed.  At  the  station  where  the  message  is  sent  the 
line  is  connected  with  the  positive  pole  of  the  battery,  and  the  cur- 
rent passes  over  the  wire  down  through  the  earth  back  to  the  nega- 
tive pole.  This  simple  device  saves  not  only  half  the  expense  in 
constructing  wires,  but  greatly  increases  the  power  of  electrical 
transmission,  the  resistance  it  offers  compared  with  the  wire  being 
practically  nothing. 

Since  the  earth  is  the  common  reservoir  of  neutral  electricity  the 
electric  current  from  the  wire  is  really  dissipated  when  it  communi- 
cates with  it.  There  is  not  supposed  to  be  any  real  passage  of  the 
electricity  back  to  the  battery  from  which  it  started.  The  inter- 
mediate offices  are  supplied  with  ground  wires,  to  be  used  only  in 
case  of  trouble  on  the  line. 

573.  Plan  of  a  Way-Station.  —  In  Fig.  392  we  have 
represented  a  plan  of  the  instruments  and  connections  of  a 
way-station.  The  line  enters  at  Z,  passes  through  the  light- 
ning arrester,  X,  traverses  the  coil  of  the  relay,  ifcf,  and  then 
passes  through  the  key,  K^  back  to  the  lightning  arrester, 
and  then  to  the  next  station  by  the  line,  L,    The  dotted  lines 
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represent  the  local  circuit,  and  E  the  local  battery  that  is 
operated  by  the  rela}-,  M,  The  sounder,  *S,  which  is  in- 
cluded in  the  circuit,  is  also  operated.  Instead  of  the  sounder 
a  register  might  be  substituted. 

By  turning  the  button,  0,  the  current  passes  along  the  main  line 
without  going  through  the  instrument.     The  switch,  Qj  can  be  used 


k 


Fig.  392. 

to  connect  the  hne  on  either  side  of  the  instruments  with  the 
earth  at  G.  The  line  connected  with  the  ground  at  G  can  then  be 
worked  independently  of  the  other. 

A  plan  of  a  terminal  station  would  have  a  large  main  battery,  and 
would  dispense  with  the  "cut-out,"  0,  and  the  line,  i' ;  in  other 
respects  it  would  agree  with  the  plan  of  a  way-station. 

574.  Other  Forms  of  Telegraphs.  —  Other  systems  of 
telegraphy  hesides  Morsels  are  used  to  a  greater  or  less  extent.  The 
most  ingenious  of  these  are  Bain^s  electro-chemical  telegraph,  and 
the  printing  telegraphs  of  House,  Hughes,  and  Phelps. 

In  Bain's  telegraph  there  is  no  magnet  used,  but  a  small  steel 
point  connecting  with  the  line  wire,  when  the  current  passes,  presses 
upon  the  roll  of  paper  that  has  been  previously  soaked  in  ferrocya- 
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Hide  of  potassium,  and  which  rests  upon  a  metallic  plate.  When 
the  point  touches  the  paper  the  chemical  preparation  is  decomposed, 
and  blue  marks  are  left  on  the  paper,  due  to  the  formation  of  Prus- 
sian blue. 

Of  the  three  printing  telegraphs,  that  of  Phelps  is  the  most  ser- 
viceable, and  is  a  combination  of  HousE^s  and  Hughes's  with  the 
improvements  of  Phelps. 

The  sending  instrument  has  twenty-eight  keys  arranged  like  those 
of  a  piano  j  upon  these  are  printed  the  twenty-six  letters  of  the 
alphabet,  and  two  punctuation  points.  When  the  operator  depresses 
the  keys,  the  circuit  is  closed,  and  the  message  is  j^nted  at  the  other 
end  of  the  line  in  ordinary  letters.  This  system  works  faster  than 
Morse's,  and  the  message  does  not  have  to  be  transcribed. 

575.  Duplex  and  Quadruplex  Telegraphy. — Duplex 
telegraphy  refers  to  that  system  of  telegraphing  by  which  messages 
are  simultaneously  sent  in  opposite  directions  on  one  and  the  same 
wire,  thereby  doubling  the  working  capacity  of  the  line.  Quadruplex 
telegraphy  refers  to  the  system  of  telegraphing  whereby  four  mes- 
sages, two  in  each  direction,  may  be  simultaneously  transmitted  over 
one  and  the  same  wire.  The  quadruplex  system  has  been  exten- 
sively employed  within  a  few  years  by  the  Western  Union  Telegraph 
Company,  and  is  at  present  in  use  between  almost  all  the  principal 
cities  in  the  country. 

A  detailed  description  of  these  systems,  however,  would  be  beyond 
the  scope  of  the  present  work. 

576.  Submarine  Cables.  —  Since  the  invention  of  the 
telegraph,  a  complete  network  of  lines  has 
been  established  over  both  continents.  Not 
onl}'  have  thousands  of  miles  of  wires  been 
stretched  on  land,  but  submarine  wires 
have  been  laid,  connecting  places  separated 
by  thousands  of  miles  of  water.  Tele- 
graphic wires  connect  England  and  Ireland, 
England  and  France,  France  and  Algiers, 
Europe  and  America. 

The  Atlantic  cables  (Fig.  393)  consist  of  Fig.  393. 

(1)  a  central  conducting  strand,  0,  of  seven  copper  wires  ;  (2) 


Digitized 


by  Google 


494  ELECTRICITY. 

surrounding  this  an  insulating  coat,  C,  of  gutta-percha; 
(3)  a  layer  of  several  strands  of  tarred  hemp,  H^  to  protect 
the  gutta-percha ;  and  (4)  outside  of  all,  eighteen  iron  wires, 
/,  as  a  protecting  sheath. 

The  signals  are  indicted  by  means  of  Sir  Wm.  Thomson's  re- 
flecting galvanometer,  an  instrument  of  extreme  delicacy,  without 
which  the  practical  success  of  the  Atlantic  cable  would  have  been 
a  matter  of  great  doubt. 

A  needle  with  a  very  light  mirror  attached  is  suspended  by  a  silk 
thread  within  a  coil  of  insulated  copper  wire ;  at  a  distance  of  a  yard 
is  a  scale  with  zero  in  the  centre  and  the  graduation  extending  on 
each  side.  Under  the  zero  point  is  an  aperture  through  which  the 
light  comes  from  a  gas  or  lamp  flame,  and  strikes  on  the  mirror  and 
is  then  reflected  upon  the  scale.  The  spot  of  light  is  deflected  to  the 
right  or  left  according  to  the  current,  and  these  deflections  corre- 
spond to  the  dots  and  dashes  of  Morse's  alphabet. 

577.  The  Fire-Alarm  Telegraph.  —  Electricity  is  now 
widely  used  in  many  places  to  indicate  the  locality  of  fires. 
The  apparatus  employed  is  reall}'  a  modification  of  Morse's 
telegraph.  In  various  parts  of  the  city  or  town  are  small 
boxes,  called  signcd-hoxes^  which  are  connected  with  a  central 
station  by  means  of  wires. 

When  a  fire  occurs  in  the  vicinity  of  any  box,  by  turning  a  crank 
within  the  box  the  circuit  is  opened  and  closed,  and  the  number  of 
the  box  thereby  telegraphed  to  the  central  station.  This  station  is 
also  connected  with  bells  by  wires  at  different  points,  and  when  the 
watchman  on  duty  here  receives  notice  of  a  fire  as  stated  above,  he 
strikes,  by  means  of  the  electric  cuiTent,  on  the  bells  the  number  of 
the  box  in  wliose  neighborhood  the  firq  is,  so  that  the  firemen  know 
almost  the  precise  locality  of  the  fire. 

578.  Electro-magnetic  Motor. — Many  attempts  have 
been  made,  and  with  partial  success,  to  employ  electro- 
magnetism  as  a  motor  for  the  propulsion  of  machiner}%  but 
in  all  cases  the  expense  has  been  so  great  as  to  preclude  its 
economical  use. 

Fig.  394  represents  an  electro-magnetic  machine.     It  is  composed 
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of  four  electro-magnets,  acting  in  pairs  upon  two  pieces  of  Boft 
iron,  P,  only  one  of  which  is  seen  in  the  figure*  These  pieces,  at- 
tracted by  the  electro-magnets,  E^F^  transmit  the  motion  by  means 
of  a  working-beam,  to  a  ci-ank,  w,  fixed  at  the  extremity  of  a  hori- 
zontal arbor.  The  latter  bears  an  iron  fly-wheel,  which  regulates 
the  motion.  Finally,  the  same  arbor  supports  a  piece  of  metal,  n,  of 
a  greater  diameter,  the  use  of  which  will  be  explained  presently. 

The  current  from  the  battery,  P,  entering  A^  passes  into  a  plat- 
form of  cast-iron,  B,  then,  through  diflerent  metallic  pieces,  it 
reaches  the  arbor  and  the  piece,  n.  From  thence  the  current  flows 
alternately  to  the  electro-magnets,  EF  and  ef.  The  manner  in 
which  this  alternate  flow  is  effected  is  shown  in  Fig.  394,  which 
represents  a  section  of  the  piece,  n,  and  its  accessories.  Upon  the 
piece,  n,  is  a  projection,  c,  called  a  camy  t^hich  in  the  course  of  one 
revolution  touches  suceessively  two  pallets,  a  and  6 ;  these  transmit 
to  the  electro-magnets  the  current,  whose  course  is  indicated  by  the 
unfeathered  arrows.  The  feathered  arrows  in  the  figure  show  the 
direction  in  which  the  parts  of  the  machine  move. 

The  current  passing  alternately  into  the  two  pallets,  a  and  6,  and 
thence  into  the  systems  of  electro-magnets,  ^  J'  and  f/,  the  piece,  P, 
is  first  attracted,  and  then  a  similar  piece  at  the  other  extremity  of 
the  arbor  of  the  fly-wheel  is  attracted,  and  so  on.  The  result  is  a 
continuous  rotary  motion,  which  is  transmitted  by  a  driving-band 
to  a  train  of  wheels,  and  so  on  to  the  pumps,  which  it  is  destined  tc 
work. 

Summary.  — 
EJectro-magnei. 

Description  by  Figure. 

Helix  Magnetized.  —  Shown  by  Figure. 
Electric  Telegraph, 

Definition. 

Principle  of  Morse's. 
T7ie  Begister. 

Kecording  App.nratus  explained  by  Figure. 

Description  of  the  Sounder. 

Morse's  Alphabet. 
Key  for  Transmitting. 

Description. 

Method  of  working  illustrated  by  Figure. 
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Method  of  working  illustrated  by  Figure. 
Lightning  Arresters. 

Atmospheric  Electricity  taken  from  the  wires  by  meane 
of  Metallic  Teeth. 

Water  as  a  Method  of  relieving  the  Wires. 
The  Circuit 

Earth  as  a  part  of  the  Circuit. 

Advantages. 
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Bain's,  House's,  Hughes's,  and  Phelps's. 
Duplex  and  Quadruplex  Telegraphy. 

Explanation  of  Each. 
Submarine  Cables. 
Fire- Alarm  Telegraph. 
Electro-magnetic  Motor. 

Explained  by  Figure. 


SECTION    V. INDUCTION . MAGNETO-ELECTRICITY. THERMO- 
ELECTRICITY. 

579.  Induction  by  Currents.  —  We  have  seen  that  the 
electricity  of  the  machine  acts  upon  bodies  by  induction. 
The  electricity  of  the  battery  acts  in  a  similar  manner,  but 
only  when  the  currents  begin  to  flow  and  when  they  cease. 

To  show  this,  take  two  copper  wires,  covered  with  silk,  and  wind 
them  side  by  side  upon  a  bobbin.  Then  fasten  the  two  ends  of  the 
first  wire  to  the  two  binders,  m  andn,  of  the  galvanometer  (Fig.  385). 
Next  cx)nnect  one  end  of  the  second  wire  with  one  pole  of  a  feeble 
galvanic  battery.  If  the  other  end  of  the  second  wire  be  brought 
into  contact  with  the  second  pole  of  the  battery,  at  the  instant  of 
contact,  the  needle  of  the  galvanometer  ^vill  indicate  the  production 
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of  a  current  in  the  first  wire  flowing  in  an  opposite  direction  to  that 
of  the  battery.  If  the  contact  is  kept  up,  the  flow  of  the  induced 
current  ceases,  as  is  shown  by  the  needle  of  the  galvanometer  return- 
ing to  its  position  of  rest.  If  the  current  of  the  battery  is  broken, 
the  needle  of  the  galvanometer  is  again  deviated,  but  in  a  contrary 
direction,  indicating  an  induced  current  flowing  in  the  same  direction 
as  that  of  the  battery. 

The  battery  current  is  called  the  primary^  or  inducing  cur- 
rent; the  other  current  is  called  the  secondary^  or  induced 
one. 


Fig.  395. 

A  current  flowing  in  the  same  direction  as  the  primary  is  called  a 
direct  current,  but  if  flowing  in  the  opposite  direction,  inverse. 

Induced  currents  are  also  produced  when  a  primary  coil  of  wii'e,  P, 
through  which  the  current  is  passing  (Fig.  395),  is  brought  towards 
or  removed  from  a  secondary  one,  J.  When  brought  towards  it,  the 
galvanometer  indicates  an  invase  current  in  J,  and  also  if  placed 
imthin  it,  or  if  the  intensity  of  the  battery  be  increased. 

If,  however,  the  coil,  P,  bo  removed,  or  the  primary  current 
weakened,  a  direct  current  will  be  indicated  in  L 

580.  Laws  of  Induced  Currents.  —  These  currents  con- 
form to  the  following  laws  :  — 

1.   At  the  instant  when  the  primary  current  begins  to  flaw  or  to 
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increase  its  intensity ,  an  induced  current,  inverse  and  momentary,  is 
developed  in  a  neighboring  circuit. 

2.  A  primary  current  approaching  a  condtictor  gives  rise  to  an  in- 
dticed  current,  inverse  and  momentary. 

.3.  At  the  moment  the  primary  current  ceases,  or  when  its  intensity 
diminishes,  or  when  it  is  removed  from  an  adjac&nt  coil,  a/n  induced 
current  begins,  direct  and  momentary, 

581.  Induction  Coils.  —  An  arrangement  for  producing 
an  induced  current  in  a  secondary'  coil  b}^  breaking  and  clos- 
ing, in  rapid  succession,  the  circuit  of  the  primary,  is  called 
an  induction  coil. 

Induced  currente  are  the  more  powerful,  the  longer  the  wires  em- 
ployed. Hence  in  practice  it  is  usual  to  wind  the  wires  upon  bob- 
bins, as  shown  in  Fig.  396. 


Fig.  896. 

The  coil  shown  in  Fig.  396  consists  first  of  a  cylinder  of  several 
hundred  coils  of  coarse  copper  wire.  This  is  the  inducing  coil.  Over 
it  is  a  finer  wire,  making  several  thousand  coils.  These  wires  are 
not  only  covered  with  silk,  but  also  with  an  insulating  varnish  of 
gumlac.  At  the  extreme  left  of  the  stand  on  which  the  coil  rests, 
are  two  binders  in  connection  with  the  two  poles  of  a  battery. 

A  bunch  of  iron  wires  is  inserted  as  a  cone  in  the  primary,"  or  inner 
coil.  The  current-breaker  consists  of  a  small  armature,  at  the  left 
of  the  figure,  attracted  by  an  electro-magnet.  When  the  primary 
current  passes,  the  armature  is  attracted  and  immediately  breaks  the 
current.  It  then  instantly  flies  back  by  means  of  a  spring,  and  com- 
pletes the  circuit.  By  the  passage  of  the  current  through  the  primary 
coil  the  bunch  of  iron  wires  is  magnetized,  and  helps  to  strengthen 
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the  induced  current  by  induction.  The  intensity  of  the  current  is 
thus  very  much  increased. 

The  primary  coil  is  of  coarse  wire,  so  as  to  secure  as  strong  a  cur- 
rent as  possible  for  magnetizing  the  bunch  of  wires ;  but  in  the  sec- 
ondary coil,  as  intensity  is  desired,  fine  wire  enables  us  to  bring  more 
coils  within  range  of  the  action  of  the  primary  coil  and  the  bunch  of 
wires.  The  two  ends  of  the  finer  wire  are  also  connected  with 
binders,  as  seen  at  the  right  of  the  figure,  and  through  them  may  be 
connected  with  any  conductor  whatever.  For  the  purpose  of  admin- 
istering a  shock,  the  binders  are  provided  with  wires  having  metallic 
handles,  which  are  to  be  grasped  with  the  hands. 

By  the  interruptions  of  the  current  the  shocks  produced  are  quite 
severe. 

Electrical  currents  have  been  employed  in  the  treatment  of  cer- 
tain diseases,  especially  those  connected  with  the  nervous  system. 
The  induction  coil  and  magneto-electric  machine  are  used  for  this 
|)urpose.  Electricity  has  a  powerful  action  upon  the  animal  economy, 
and  when  judiciously  applied  possesses  considerable  curative  power. 

582.  Ktlhnikorfrs  Coil.  —  The  principle  of  induced  currents 
has  been  applied  In  constructing  instruments  for  generating  large 
quantities  of  electricity.  Tb©  induction  coil,  as  improved  by 
Ruhmkorff,  is  one  of  the  most  rewrnkMe  instruments  of  this  class. 
In  some  of  his  larger  instruments  he  ttses  lnTMW.i  Hw  mxtj  miles  of 
wire  in  the  secondary  coil.  In  the  largest  size  yet  imi»4b»4no- 
ondary  wire  is  about  280  miles  in  length. 

The  dischargers  are  usually  placed  on  a  bar  over  the  helices,  and 
ik>me  of  the  most  powerful  instruments  are  capable  of  thro^dng 
sparks  from  twenty  to  forty  inches  long.  The  induction  coil  can  bcf 
made  to  produce  results  similar  to  those  of  frictional  electricity.  It 
has  the  advantage  which  an  electrical  machine  does  not  have,  that 
it  is  not  affected  by  the  moisture  in  the  atmosphere. 

The  coQ  can  be  used  to  charge  and  discharge  Leyden  jars.  The 
sparks  then  resemble  lightning  flashes,  and  the  sound  produced  is 
almost  deafening. 

The  shocks  firom  the  larger  co^-are  violent  and  even  dangerous, 
and  the  heat  is  so  intense  as  to  melt  and  bum  «i  fine  iron  wire  with, 
considerable  brilliancy  of  light  when  placed  between  the  ends  of  the. 
secondary  wire. 

The  brilliancy  and  beauty  of  the  electric  light  from  the  ooil  is  seen 
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when  the  current  passes  through  Geissler's  tubes.  These  are  sealed 
glass  tubes  filled  with  rarefied  vapors  or  gases ;  platinum  wires  are 
sealed  into  the  ends  of  the  tubes  to  conduct  the  current.  Fig.  397 
repi-esents  the  current  passing  through  a  tube  of  hydrogen ;  in  the 
bulbs  the  light  is  white,  but  in  the  connecting  links  it  is  red. 


Fig.  397. 

583.  Magneto-electricity.  —  We  have  seen  that  a  cur- 
rent of  electricity  passing  tlirough  wires  which  surround  a 
piec»3.of  soft  iron  magnetize  it,  and,  conversely,  a  magnetized 
bar  inti'oduced  into  a  coil  of  wire  develops  a  current  of  elec- 
tricity in  the  wire.  Electricity  produced  by  a  magnet  is  called 
nagneta-eUctricity. 


Fig.  3'J8. 

If  we  substitute  for  the  primary  coil  represented  in  Fig. 
395  a  permanent  magnet,  we  shall  obtain  results  like  those 
given  in  Art.  579. 
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We  can  prodace  the  same  effect  if  a  bar  of  soft  iron  be  inserted  in 
the  helix,  and  one  end  of  a  powerful  permanent  magnet  brought  near 
it,  as  shown  in  Fig.  398.  The  soft  iron  becomes  magnetized  by  in- 
duction from  the  permanent  magnet,  and  generates  an  electric  current 
in  the  helix,  causing  the  needle  of  the  galvanometer  to  be  deflected 
for  an  instant.  If  the  magnet  is  kept  stationary,  it  returns  to  its 
former  position,  but  is  deflected  in  the  opposite  direction  when  it  is 
removed.  The  direction  of  the  current  changes  with  the  poles  of  the 
magnet  that  are  presented  to  the  bar  of  soft  iron,  according  to 
Ampere's  law. 

584.  The  Magneto-electric  Machine.  —  Fig.  399  rep- 
resents one  form  of  the  magneto-electric  machine. 


In  front  of  the  helix  of  a  powerful  horse-shoe  magnet  there 
is  placed,  as  near  as  possible  without  touching,  a  bar  of  soft 
iron,  B,  rent  at  right  angles,  and  surrounded  with  coils  of  in- 
sulated copper  wires.  The  end  of  the  wires  connect  underneath 
the  stand  with  the  screw-cup  at  the  left  hand.  When  this 
armature  is  made  to  revolve,  the  soft  iron  becomes  magnetic 
by  induction,  and  generates  electrical  currents  in  the  coils  of 
insulated  wire.  The  poles  are  changed  twice  in  every  revo- 
lution, and  thus  the  direction  of  the  current  changes  twice  in 
every  revolution. 

Sparks  can  be  produced  by  this  machine,  water  decomposed,  and 
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wires  made  incandescent.  If  a  break-piece  be  added,  the  circuit  will 
be  rapidly  broken  and  closed,  and  a  series  of  shocks  will  be  felt  by 
a  person  grasping  the  handles  at  2f.  The  shocks  will  be  more 
marked  if  the  hands  are  first  moistened  with  acidulated  water. 

Within  the  last  few  years  magneto-electrical  machines  have 
largely  increased  in  number  and  power.  By  means  of  these  con- 
trivances mechanical  work  is  ti-ansformed  into  powerful  electrical 
currents,  which  have  been  utilized  in  electro-plating  and  telegraph- 
ing, but  especially  are  they  successful  in  obtaining  the  electric  light. 
With  one  of  these  powerful  machines  driven  by  steam,  an  electric 
light  of  remarkable  brilliancy  is  produced. 

585.  Electric  Lighting  by  Magneto-electricity. — 
In  Art.  554  we  considered  the  electric  light  as  produced  by 
a  voltaic  battery,  but  experience  has  proved  that  to  make  this 
light  of  practical  benefit  and  at  the  same  time  economical,  the 
electrical  energy  must  be  derived  from  dynamo-electric  ma- 
chines. All  these  machines  embody  the  general  principle 
of  a  revolving  armature,  wrapped  about  with  coils  of  wire,  in 
front  of  the  poles  of  a  magnet,  as  described  in  the  article  on 
Magneto-electricity. 

Probably  the  best  machine  for  this  purpose  is  the  Brush  magneto- 
electric  generator,  invented  by  Charles  F.  Brush,  of  Cleveland,  0. 
For  industrial  use  and  illuminating  large  areas  the  Brush  system  of 
electric  lighting  is  no  longer  an  experiment  but  a  substantial  suc- 
cess, and  is  more  extensively  adopted  than  any  other. 

There  are  two  kinds  of  electric  lamps  in  use,  the  incandescent  and 
the  voltaic  arc.  The  incandescent  consists  of  a  strip  of  platinum, 
carbon,  or  bamboo,  placed  in  the  circuit,  which  becomes  white-hot 
when  the  current  passes,  and  emits  a  brilliant  light.  The  voltaic  arc 
was  described  in  Art.  554. 

The  Brush  system  uses  the  voltaic  arc  in  preference  to  the  incan- 
descent, as  being  more  economical  and  powerful  for  lighting  streets, 
large  parks,  buildings,  manufactories,  halls,  etc. 

Gas-carbons  in  the  arc  are  now,  on  account  of  their  impurities, 
generally  superseded  by  pure  carbon,  specially  prepared  and  pressed ; 
and  to  improve  their  conducting  power  they  are  sometimes  coated 
with  precipitated  copper  or  nickel  j  this  is  the  case  with  the  Brush 
carbons. 
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It  can  be  safely  affinncd  that  for  lighting  large  spaces  the  electric 
light  has  proved  itself  a  success,  but  for  domestic  use,  where  small 
lamps  with  a  steady,  soft  light  are  desired,  the  question  has  not  yet 
been  satisfactorily  settled. 

586.  The  Telephone.  —  The  Telephone  is  an  instru- 
ment for  transmitting  sound  bj'  means  of  electric  currents. 
Fig.  400  represents  the  form  of  the  Bell  telephone  that  is 
most  generally  adopted. 

-^aS',  seen  in  the  section,  is  a  permanent  magnet,  on  one 
end  of  which  is  a  coil  of  copper  wire,  C\  in  front  of  (7  is  a 


Fig.  400. 

thin  plate  of  soft  iron,  BB^  called  a  diaphragm,  and  a  month- 
piece,  A.  The  position  of  the  magnet  in  reference  to  the 
diaphragm  is  regulated  by  a  screw  at  the  right  of  S.  The  dia- 
phragm is  screwed  down  in  place  by  the  mouth-piece. 

The  ends  of  the  coil  pass  alongside  the  magnet  to  the  binding- 
screws  at  the  right  of  the  section,  and  are  connected,  one  with  the 
line-wire  and  the  other  with  the  ground,  as  in  the  telegraph,  or  with 
a  return  wire.  The  instruments  at  both  ends  of  the  line  are  precisely 
the  same. 

For  practical  purposes  it  is  best  to  have  two  telephones  at  each 
station,  so  as  to  hold  one  to  the  ear  while  speaking  through  the 
other ;  it  is  also  easier  to  hear  with  a  telephone  applied  to  each  ear. 
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587.  Action  of  the  Telephone. — When  a  person  speaks 
into  the  mouth-piece  of  the  telephone  the  sound-waves  of  air  strike 
against  the  diaphragm  and  cause  it  to  vibrate.  These  vibrations 
produce  an  alteration  in  the  magnetism  of  the  permanent  magnet, 
which  induces  electric  currents  in  the  wire  coil.  These  electric  pul- 
sationsy  being  transmitted  through  the  line-wire  to  the  distant  helix 
in  the  second  station,  cause  the  diaphragm  there  to  vibrate  exactly 
like  that  at  the  sending  station. 

The  waves  of  air  that  strike  the  ear  from  the  second  vibrating 
diaphragm,  being  complete  reproductions  of  those  that  strike  the 
first,  give  the  same  sounds.  The  sound-waves  are  not  carried  over 
the  line- wire,  but  the  pulsations  of  the  electric  current. 

The  sound  that  is  reproduced  in  the  receiving  instrument  becomes 
somewhat  feeble,  but  still  the  characteristics  of  the  person  speaking 
are  faithfully  reproduced. 

588.  The  Microphone  consists  of  a  small  battery  con- 
nected by  means  of  wires  with  a  telephone-receiver,  and  with 
the  apparatus  represented  in  Fig*  401.  This  apparatus  con- 
sists of  a  vertical  rod  of  carbon 
fitted  loosely  into  two  blocks,  also 
of  carbon ;  these  are  securely-  fas- 
tened to  an  upright  framework ; 
the  wires  that  connect  the  carbon 
with  the  telephone  and  battery 
are  seen  at  the  left  of  the  figure. 

The  sound  produced  by  the  walk- 
ing of  a  fly  on  the  base-board,  or 
brushing  of  the  softest  feather,  or 
faint  ticking  of  a  watch,  are  magnified 
to  such  an  extent  that  they  may  be 
heard  with  distinctness  miles  away  by 
the  listener  at  the  telephone.  If  the  carbon  be  impregnated  with 
mercury  the  microphone  is  considered  more  eflective.  To  get  the 
maximum  effect  with  any  particular  instrument,  the  position  of  the 
carbon  rod  must  be  carefully  adjusted  by  repeated  trials.  To  prevent 
the  interference  of  external  vibrations  the  base-board  should  rest 
upon  a  cushion  of  wadding  or  india-rubber. 
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589.  Thermo-electricity.  —  If  two  different  metals  are 
soldered  together,  and  the  free  ends  connected  by  wires  with 
a  galvanometer,  the  needle  by  its  deflection  will  indicate  the 
presence  of  the  electric  current,  when  heat  is  applied  to 
the  junction  of  the  metals.  When  the  junction  is  cooled, 
the  needle  will  be  deflected  in  an  opposite  direction.  Elec- 
tricity thus  developed  is  called  thermo'electricity.  Such  a  com- 
bination of  metals  is  called  a  thermo-electric  couple. 

The  usual  combination  is  a  bar  of  bismuth  soldered  to  one  of  anti- 
mony. When  heat  is  applied,  the  current  passes  from  the  bismuth 
to  the  antimony ;  when  cold,  the  reverse  takes  place.  The  bismuth 
is  the  positive  bar  with  negative  electrode,  and  the  antimony  tbe 
negative  bar  with  positive  electrode. 

590.  Thermo-electric  Pile,  or  Battery.  —  By  con- 
necting a  number  of  thermo-electric  paira 
(Fig.  402)  we  can  form  a  thermo-electric  pile^  or 
battery,  sometimes  called  thermo-electric  multi- 
plier.     In  this  way  we  get  a  more  powerful 

'i"    current  than  with  a  single  pair.     The  positive 
Fig.  402.       pole,  a,  and  the  negative,  ft,  connect  by  wires 
with  the  galvanometer. 

A  large  number  of  these  pairs  can  be  arranged  in  a  compact  form 
(Fig.  403),  each  pair  and  layer  being  carefully  insulated  by  var- 
nished paper.  The  whole  is  then  enclosed  in  a  framework  of  some 
non-conducting  material.  Such  an  apparatus 
as  this  constitutes  the  most  delicate  test  for  heat 
that  has  been  devised.  Some  are  so  sensitive 
that  the  heat  from  the  l>ody  of  a  fly  walking 
over  them  will  deflect  the  needle  of  the 
galvanometer. 

If  heat  be  applied  to  both  faces  of  the  pile, 
opposite  currents  will  be  produced,  and  they 
will  neutralize  each  other  if  the  temperature  of 
both  sides  is  kept  aUke,  and  no  current  results ; 
but  if  one  side  is  warmer  than  the  other  a  current  is  produced.  The 
cuiTcnt  is  thus  due  to  the  difference  of  temperature  between  the  oppo- 
site faces  of  the  multiplier. 
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Fig.  404. 


The  multiplier  was  used  by  Melloni  with  great  success  in  de- 
moDStrating  the  phenomena  of  ra- 
diant heat.  For  the  purpose  of 
concentrating  the  heat-rays  upon  the 
pile  a  cone  is  employed,  as  repre- 
sented in  Fig.  404. 

591.  Animal  Electricity. — 
Certain  fishes  possess  the  power  of 
imparting  a  shock  that  compares 
in  intensity  with  that  of  a  power- 
ful Leyden  jar.  Such  fishes  are 
called  electrical  fishes,  the  most 
interesting  of  which  are  the  electri- 
cal eel  of  South  America,  and  the 
torpedo,  which  is  a  native  of  the 
Mediterranean. 

The  shocks  given  by  electrical  fishes  are  due  to  electricity  gener- 
ated in  the  body  of  the  fish.  Matteuci  showed  that  sparks  could 
be  obtained  from  the  fish,  and  also  that  the  galvanometer  is  affected 
when  one  of  its  wires  is  brought  into  connection  with  the  back  of  the 
fish  and  the  other  with  its  abdomen.  In  all  cases  the  shock  is  vol- 
untary, and  serves  as  a  means  of  defence  against  enemies. 

Summary.  — 

Induction  by  Currents. 

Illustrated  by  the  Galvanometer. 

Induced  Currents  produced  by  Primary  and  Secondary 
Coils. 

Illustrated  by  Figure. 

Laws  of  Induced  Currents. 
Induction  Coils, 

Definition. 

Construction  explained  by  Figure. 

Mode  of  Operation. 

Use  in  Treatment  of  Diseases. 

Ruhrakoi-ff 's  Coil.  —  Its  Power. 

Geissler^s  Tubes. 
Magneto-electriciti/. 

Definition. 
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MagnetO'electridty  (contintied). 

Produced  by  a  Coil  and  Magnet. 

Produced  by  Coil  containing  Soft  Iron  Bar  and  Magnet. 

Illustrated  by  Figure. 
Magneto-electric  Machine. 

Description  by  Figure. 

Mode  of  Operation. 

Power  of  giving  Sparks  and  Shocks. 

Uses  of  these  Machines. 
Electric  Lighting  by  Magneto-electricity. 

Brush  System. 

Lamps  formed  by  the  Voltaic  Arc. 

Lamps  formed  by  Incandescent  Platinum  and  Carbon. 

Construction  of  Carbon  Pencils. 
The  Telephone. 

Description  by  Figure. 

How  Used. 

Explanation  of  its  Action. 
The  Microphone, 

Description  by  Figure. 
Thermo-electricity. 

How  Produced. 

Thermo-electric  Couple. 

Thermo-electric  Pile,  or  Battery. — Illustrated  by  Flguces. 

How  the  Battery  works. 
Animal  Electricity. 
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WEIGHTS  AND  MEASURES. 

I.  How  many  miles  in  20  kilometers  ?  In  a  cubic  meter  of  water  how  many  gallons  ? 
In  10  bushels,  how  many  liters  ?  What  is  the  side  of  a  square  that  contains  278,784  square 
decimeters? 

3.  Find  the  weight  in  kilograms  of  10  gallons  of  water.  In  896  millimeters,  how  many 
inches? 

3.  A  box  measuring  10  centimeters  in  each  direction  will  hokl  how  many  liters,  and  is 
what  portion  of  a  cubic  meter  ? 

4.  Reduce  5  pints  to  liters  and  cubic  centimeters. 

UNIFORM  MOTION. 

5«  A  railway  train  is  moving  uniformly  ait  the  rate  of  80  miles  per  hour}  what  is  its 
Telocitj  in  feet  per  second  ? 

6«  A  locomotive  runs  40  kilometers  in  1^  hours;  what  is  its  Telocity  per  second  in 
meters? 

7.  From  two  i^uies,  m  and  n,  80  Idlometers  apart  in  a  straight  line,  two  persons,  A  and 
B,  start  at  the  same  time  towards  each  other ;  A  moves  with  a  veloeity  of  3  meters  per  sec-. 
ond,  B  with  a  velocity  of  two  nteteia;  at  what  distance  fix>m  m  and  n  will  they  meet,  and 
after  what  Ume? 

MOMENTUM  AND  STRIKING  FORCE. 

8.  An  iron  ball  weighing  20  pounds  moves  with  a  velocity  of  100  feet  per  second,  and  a 
second  ball  we^liing  5  pounds  moves  with  a  velocity  of  400  feet  per  second ;  required  the 
momentum  and  striking  force  of  each  ball. 

9.  A  body  weigliing  200  pounds  moves  with  a  velocity  of  a  mile  in  14  seconds ;  what 
must  be  ^e  weif^t  of  a  body  moving  6  feet  per  second  to  have  the  same  momentum  as  the 
former  ? 

10.  A  locomotive  weighing  20  tons  is  moving  with  a  velocity  of  60  kilometers  an  luNir ; 
what  is  its  momentum  ?  How  does  it  compare  with  a  ship  weighing  2,000  tons  moving 
with  a  velocity  of  a  decimeter  per  second  ? 

II.  Which  will  cause  the  most  destruction :  a  32-pound  cannon-ball  moving  1,200  feet 
per  second,  or  a  battering-ram  weighing  12,000  pounds  moving  at  a  rate  of  80  ft.  per 
second? 

12*  If  a  pile-driver  weighing  2,000  pounds,  raised  23  feet,  strikes  with  a  given  force, 
to  what  height  must  it  be  raised  to  produce  an  effect  three  times  as  great. 
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13.  A  train  of  cars  moves  9)  miles  an  hoar ;  how  much  greater  or  less  force  would  he 
required  to  moTe  another  train  weighing  one  half  as  much  60  miles  an  hour  ? 

14.  A  rifle-hall  moTes  at  the  rate  of  1,500  kilometers  an  hour ;  a  stone  thrown  from  the 
hand  weighing  five  times  as  much  moves  at  the  rate  of  400  meters  a  minute :  how  do  their 
velocities,  momenta,  and  striking  forces  compare  ? 

15.  A  train  has  been  moving  with  a  uniformly  accelen  t.Kl  motion ;  at  12  o*clock  its 
velocity  was  16  miles  an  hour,  at  20  minutes  past  12  it  was  46  mUes  an  hour ;  required  its 
velocity  at  10  minutes  past  12  o'clock. 

16.  Suppose  a  bullet  to  be  fired  into  an  immovable  block  with  a  certain  velocity,  and 
we  double  the  velocity,  how  much  is  the  destructive  force  increased ? 

17.  Three  forces  are  acting  in  the  direction,  A  B,  equal,  respectively,  to  8,  6,  and  8 
units.  In  the  opposite  direction,  BA,  four  forces  are  acting,  equal,  respectively,  to  4,  6, 
and  10  units ;  what  are  the  intensity  and  direction  of  the  resultant  f 

18.  Find  the  resultant  of  two  forces  equal  to  26  pounds  and  40  pounds  acting  upon 
the  same  point  at  right  angles. 

19.  Two  forces  equal  to  64  and  96  kUograms  act  at  a  point  (1)  in  the  same  direction, 
(2)  in  opposite  directions,  (3)  at  right  angles  ;  find  the  resultant  in  the  three  cases. 

iJO.  The  resultant  of  two  forces  acting  at  right  angles  is  12 :  one  component  is  7 ;  what 
is  the  other? 

GRAVITATION. 

ai.  A  body  weighs  5,000  pounds  on  the  earth's  surfoce ;  what  will  it  weigh  2  000  miles 
above?  600  miles  above ?  ' 

28.  What  wUl  the  same  body  weigh  2,000  mUes  below  the  earth's  surtkce*  600  miles 
below? 

583.  If  two  bodies  weigh,  respectively,  160  and  900  pounds  at  the  surfiice  of  the  earth 
whatis  thedififerenceof  their  weights  at  the  centre  of  the  earth?  6,000  miles  below  the 
surface?  2,000  below? 

24.  How  Ihr  from  the  earth's  centre  must  a  kUogram-weight  be  placed  to  weigh  only 
one  gram?  How  for  above  the  earth's  surface  ? 

25.  If  the  sun  were  IJ  times  forther  from  the  earth  than  at  present,  and  its  mass  J 
less,  how  would  its  attraction  for  the  earth  be  affected  ? 

26.  A  stone  is  dropped  into  a  well,  and  is  seen  to  strike  the  water  at  the  end  of  two 
seconds ;  what  is  the  depth  of  the  well  ? 

27.  A  body  has  follen  through  the  distance  of  a  mile  and  a  half;  what  was  the  dis- 
tance passed  over  in  the  last  second  ? 

28.  A  felling  body  is  observed  to  passover  200  feet  fai  3  seconds ;  how  long  had  it  been 
falling  when  first  observed? 

29.  A  body  when  observed  had  been  foiling  5  seconds ;  how  much  space  had  been 
passed  over  at  the  time  of  observation  ? 

30.  How  for  will  a  body  foil  in  151  seconds?  In  the  17th  second?  In  the  25th 
second  ? 

31.  At  what  distance  above  the  earth's  surfeoe  will  a  body  foil  in  the  8d  second  8 
inches  ? 

32.  A  stone  is  thrown  vertically  upward  with  a  velocity  of  50  meters ;  after  what  time 
will  It  return  to  Its  original  posiUon? 

33.  A  body  is  projected  upward  with  an  initial  velocity  of  68|  feet  per  second ;  how 
high  will  it  ascend  before  it  begins  to  return  ? 

34.  Through  what  space  must  a  heavy  body  foil  from  rest  to  acquire  a  velocity  of 
150  feet  per  Pecond  ?    To  acquire  a  velocity  of  800  feet  ? 

35.  A  body  fells  through  a  distance  of  160  feet ;  find  its  velocity  at  that  time.  Find 
how  long  a  time  it  will  take  to  foil  through  the  next  190  feet. 

36.  A  stone  thrown  horisontally  from  a  cliff  is  seen  to  strike  the  ground  in  4  seconds ; 
how  high  is  the  cliff  from  the  spot  where  the  stone  falls  ? 

37.  A  cannon-ball  fired  obliquely  into  the  air  strikes  the  ground  in  6  seconds-  how 
high  did  it  ascend?  ' 
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3S.  The  length  of  aa  incIlDed  plane  is  800  feet,  the  height  76  feet ;  what  time  is  re- 
qniivd  for  a  body  to  descend  the  plane  ? 

39.  A  stoue  is  thrown  vertically  downward  from  a  height  of  200  meters  with  a  velocity 
of  15  meters  per  second ;  how  long  will  it  be  in  fidling  ? 

CENTRE  OP  GRAVITY. 
49.  If  two  bodies,  weigtiing,  respectiTely,  12  and  16  pounds,  are  connected  by  a  bar, 
where  is  tba  common  centre  of  gravity  ? 

PENDULUM. 
41.  The  length  of  a  seconds-pendulum — 

At  New  Torlc  is  39.1012 
*•  Paris  "  89.1286 

"  Greenwich  "  891896 
What  is  the  length  of  a  pendulum  at  Paris  to  vibrate  ludf-seconds?   To  vibrate  half- 
hours? 

4*1.  If  tlie  length  of  a  pendulum  is  4  meters,  what  is  its  time  of  vibration  at  Paris  ? 

43.  How  will  the  times  of  vibrations  of  two  pendulums  compare  whose  lengths  are, 
respectively,  6|  incliee  and  5|^  inches  ? 

44.  In  what  time  at  Greenwich  will  a  pendulum  a  kilometer  long  make  a  vibration  ? 
43.  A  pendulum  two  meters  long  makes  250  vibrations  during  a  certain  time ;  how 

many  vibrations  will  it  make  in  the  same  time  if  the  pendulum  contracts  a  centimeter  ? 

46.  A  pendulum  vibrates  twice  in  |  of  a  second ;  how  long  is  it  ? 

47.  One  pendulum  vibrates  five  times  as  £ut  as  a  second ;  wliat  are  the  proportional 
lengths? 

48.  If  the  pendulum  of  a  clock  beating  seconds  at  New  York  should  expand  j^  of 
its  length,  how  many  seconds  would  it  lose  each  day  ? 

ENERGY. 

49.  How  many  kilogram-meters  are  represented  in  raising  600  kilograms  10  meters 
high? 

59.  Which  has  the  greater  eneigy  :  a  body  weighing  100  pounds  and  liaving  a  velocity 
of  6  feet  per  second,  or  one  weighing  6  pounds  with  a  velocity  of  100  feet  ?  Represent  the 
eneigy  by  numbers. 

51.  Wliat  is  the  work  expressed  in  foot-pounds  that  is  required  to  raise  600  pounds  10 
feet  high  ? 

53.  A  locomotive  weighing  20  tons,  moving  at  the  rate  of  80  miles  an  hour,  has  how 
much  energy  ? 

53.  What  is  the  horse-power  of  an  engine  that  will  raise  100,000  pounds  600  feet  in 
2  minutes? 

54.  Wliat  is  the  horse-power  of  an  engine  that  can  raise  60,000  pounds  10  feet  in 
6  seconds  ? 

THE  LEVER. 

55.  From  a  lever  of  the  first  class  8  feet  in  length,  a  weight  of  600  pounds  is  suspended 
2}  inches  from  the  fracrum ;  what  weight  at  the  other  end  will  keep  the  lever  in 
equilibrium  ? 

56.  In  a  lever  of  the  second  class  12  feet  long,  where  must  Uie  fnlcrum  be  placed  in 
reference  to  the  weight  so  that  a  power  of  half  a  pound  may  balance  a  weight  of  10 
pound<«? 

57.  In  a  lever  of  the  first  class,  the  distance  of  the  power  from  the  ftilcmm  is  12  feet 
and  from  the  weight  to  the  ftilcrum  4  inches ;  how  much  weight  will  a  power  of  1  gram 
balance? 

58.  In  a  1e\er  of  the  first  class,  what  weight  will  a  power  of  100  pounds  balance,  with  a 
lever  16  feet  long  and  weight  4  feet  from  the  futcrum  ?  Wliat  would  be  the  result  with  a 
lerer  of  the  second  class? 
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59.  Two  men  are  earrying  a  weight  of  800  poands  on  a  pole  8  liset  long ;  where  most 
the  load  be  placed  so  that  one  will  lift  one  third  of  the  weight  ? 

THE  WHEEL  AND  AXLE. 

60.  The  diameter  of  a  wheel  is  4|  feet  and  the  axle  6  inches ;  what  power  is  required 
to  sustain  a  weight  of  500  pounds  ? 

-  61.  The  barrel  of  a  capstan  has  a  radius  of  &  inches,  the  radius  of  a  drcle  dnwiicd 
by  the  hand-s[^es  is  5  feet ;  what  power  is  necessary  to  raise  an  anchor  TrrijrHpf  1|300 
pounds? 

THE  PULLEY. 

69.  In  a  system  of  pulleys  the  power  is  W  pounds;  how  nuM^rfBorable  pulleys  are 
required  to  sustain  a  weight  of  600  pounds  ? 

63.  What  power  is  necessary  to  sostain  a  weight  of-^H  kilograms  with  6  movable 
pulleys? 

THE  INGLINI^  TLASVi. 

64.  On  an  incUned  plane  whose  base  |f  15  feet  and  h^^ht  5  feet,  what  power  aetiDg 
parallel  with  the  base  wiU  balance  a  mtfght  of  3  tons? 

•3.  With  a  ptenk  10  feet  loq^^  what  height  can  a  man  capable  of  lifting  IfiO  poands 
roll  a  barrel  containing  matiriiil  weighing  500  pounds  ? 

THE  SCREW. 

66.  JS-^tm  threads  of  a  screw  are  one  half  an  inch  apart,  what  weight  will  a  power  of 
lOO^^onwds  raise,  acting  at  a  distance  of  5  feet  firom  the  axis  of  the  screw  ? 

67.  What  is  the  distance  between  the  threads  of  a  screw  when  a  power  of  50  pounds 
will  ndse 2  tons  acting  on  a  handle  4  feet  long? 

HYDROSTATICS. 

68.  What  is  the  pressure  on  the  bottom  of  a  cistern  50  feet  long,  15  feet  high^  and  26 
feet  wide  ?    What  is  the  pressure  on  each  side  ? 

69.  Suppose  in  the  hydrostatic  press  the  area  of  the  smaller  cylinder  is  8  square 
inches  and  the  larger  1,000  square  inches ;  suppose,  also,  the  pump-handle  to  be  4  feet 
long  and  the  piston  to  be  8  inches  from  the  fulcrum ;  what  pressure  will  be  exited  on  the 
larger  cylinder  if  a  power  of  600  pounds  be  applied  to  the  end  of  the  pump-handle  ? 

79.  The  whole  pressure  on  the  bottom  of  a  pail  of  water,  the  radius  of  which  is  25  cen- 
timeters, is  50  kilograms ;  what  is  the  depth  of  the  water  in  the  pail? 

71*  What  height  must  a  column  of  mercury  have  to  balance  a  column  of  water  20  feet 
high? 

7*Z,  A  body  weighs  30  grams  in  ^  and  20  in  water ;  whatis  Its  specific  grayity? 

73.  What  is  the  weight  of  a  cubic  foot  of  gold  ?    Of  platinum  ?    Of  iron  ?    Of  sine  ? 

74.  The  specific  grayity  of  cork  being  .24,  how  much  must  be  used  to  float  a  man,  hla 
specific  gravity  being  1.12  ? 

73.  What  is  the  weight  of  a  bar  of  gold  80  centimeters  long,  4  wide,  and  12  thick  ? 

76.  A  cylinder  of  oak  is  30  centimetent  in  diameter  and  8  meters  long ;  the  specific 
gravity  of  the  wood  is  1.17 ;  what  is  the  volume  and  weight  of  the  cylinder  ? 

77.  How  much  bulk  must  a  hollow  vessel  of  iron  occupy,  weighing  2  tons,  that  it  may 
float  with  half  its  bulk  Immersed  hi  water? 

78.  A  body  whose  specific  gravity  Is  8.58  weighs  5  pounds  ia  water ;  find  its  weight  in 
air. 

79.  An  empty  vessel  weighs  )  a  pound,  filled  with  water  it  weighs  1}  ponnds,  filled  with 
another  liquid  it  weighs  1|  pounds ;  what  is  the  specific  gravity  of  the  Uqnid  ? 

SOUND. 

80.  Acannon-flash  is  seen,  and  in  10  seconds  the  report  is  heard ;  how  flur  away  is  tbi 
cannon? 
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81.  Three  seeondfi  elapro  between  a  flash  of  UghtniDg  and  a  conesponding  peal  of 
thunder ;  what  is  the  distance  of  the  place  of  or^n  ? 

8*2.  Uow  many  miles  will  sound  trarel  in  an  hour  ?  How  long  will  it  take  it  to  go 
around  the  earth  ? 

83.  A  tuning-fork  gives  sound-waves  1  meter  in  length ;  how  many  vibrations  per 
second  does  it  make  ? 

84.  A  shot  is  fired  befine  a  clifif,  and  the  echo  is  heard  in  7  seconds ;  what  is  the  dis- 
tance of  the  cliff? 

85.  The  density  of  oxygen  is  about  sixteen  times  that  of  hydrogen ;  show  that  the 
velocity  of  sound  in  hydrogen  ought  to  be  about  four  times  that  in  oxygen. 
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PBOPBRTIBS  OF  MAITKR. 

1.  Whatisphyilos?  What  are  physieal  as«o*«  •  ^""^  **>«■■>•  ^  MIim  »  body;  a 
material  point ;  a  moleeOle ;  aa  atom.  3.  How  are  molccnlet  kept  in  place?  4.  What  is 
the  maM  of  a  body  ?  Deniity  ?  Give  examplee  of  deme  and  rate  bodlea  ft.  How  are 
bodies  diTided  ?  Define  iioUdi.  liqolds,  and  aerifonn  bodies.  How  ie  the  term  floid  ap> 
plied?  6*  What  aie  the  general  properties  of  bodies?  7,  DeAns  extenskm.  8.  What 
are  English  measures?  9.  Explain  the  metrie  system.  !••  What  are  the  metrfe  anas- 
nres  of  length?  of  sorfiwe  and  Tolnme?  11.  What  are  the  metrie  measures  of  capacity  T 
19.  Define  weight.  13.  Give  the  metrie  table  of  weight.  14.  Define  hnpenecnbUlty. 
Examples.  15.  Define  inertia.  Examples.  Itt.  Defins  porosity.  Dsfine  seoslbla  and 
physical  pores.  17.  Define  diTisibility.  Examples.  18.  Define  eompiessibiUty.  Ex- 
periments. Explain  compressibiUty  of  gases,  liquids,  and  metals.  19.  Define  expaasiMUty. 
Expansion  of  gases,  Uqoids,  and  soUds.  GIts  experiment  99.  Define  •kutidtj.  Ex- 
amples. How  can  elasticity  be  brought  into  play  ?  What  bodies  are  most  elaatto  ?  How 
is  it  shown  that  iTory  is  elastic  ?  Exphdn  the  experiment.  Explain  some  of  the  appli- 
cations of  elasticity. 

ill.  Define  molecular  forces.  Name  them.  JKI.  Define  oohesloa  and  adhsrfon.  ex- 
amples. SxpUin  solution.  Examples.  93.  Explain  captUsiity.  Experiments.  94.0iva 
some  applications  of  capillarity.  95.  Define  abeorption.  Examples.  Carbon,  spoacr 
platinum,  animals  and  Tegetables,  paper.  Application.  Wood.  AppHeatioo.  99b  Di»- 
fine  osmose,  endosmose,  and  exosmose.  Explain  experiment.  Examples.  9f»  Deftna 
dialysis.  To  what  substances  can  dialysb  be  sppUed  ?  98.  Define  tenacity.  How  mms 
nred?  What  bodies  are  most  tenadoos?  Give  table  What  is  the  tam  of  greateat 
strength  ?  Application  to  grasses,  quills,  bones,  etc.  How  do  we  increase  the  teoaelty  of 
metals?  9^  Define  hardness.  Give  scale  of  hardness  of  mhierals.  How  do  we  last  the 
relative  hardness  of  bodies?  Examples.  What  are  brittle  bodies?  What  to  the  eObeC 
of  alloying  bodies?  Explain  the  process  of  polishing.  How  Is  tbs  diamond  poUshed? 
30.  Define  ductility.  Examples  of  plastic  bodies.  Examples  of  doetile  metals.  31.  De- 
fine malleability.  Eflbet  of  temperature.  How  is  gold  ftmned  into  shests  f  lists  of  mwtsli 
malleable  under  the  hammer  and  roUing-miU. 

MECHANICAL  PRINCIPLES. 

39.  Define  mechanics.  33.  ExpUln  rest  and  motion.  Bxpfada  relatlfe  and  absolnts 
rest  and  ntotion.  ninstrate  by  examples.  34.  Define  nnilbrm  motioQ.  Eiample.  B^ 
fine  Telocity.  Example.  33.  Define  Tarled  motion.  When  accelemted  and  whM»  v 
tarded?     Examples.     Define  uniformly  accelerated  and  retarded  motion. 
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Stt.  On  what  am  the  prindplM  of  iMchaitSct  baaed  ?  37.  Oif<t  Newtoo^a  FIni  law  of  Mo- 
tion, llloatimte.  38.  Give  Newton^a  Second  Law.  What  three  elementadetennine  a  force? 
Define  each.  How  repreeented  ?  39.  Define  aimple  and  compound  motion.  Define  re- 
f  nltant.  llloatiate.  Define  compounds.  49.  Explain  the  parallelogram  of  forces.  De- 
fine  composition  and  resolution  of  forces.  Illustrate  by  figure.  41.  Explain  the  flight  of 
a  bird.  49.  Explain  the  sailing  of  a  boat.  43.  Explain  the  resultant  of  parallel  forces. 
^Hien  the  forces  act  in  tlie  same  and  opposite  dlreotious.  44.  Explain  the  composition  of 
mors  than  two  forces.  49.  Define  m<Muentum.  Illustrate.  Rule  for  finding  momentum. 
Examples.  46.  Explain  collision  of  bodies.  Illustrate.  The  eflect  is  proportional  to  what? 
Illustrate.  47.  Define  striking  force.  Proportional  to  what  ?  Illustrate  the  difference 
between  momentum  and  striking  force.  48.  Define  action  and  reaction.  What  is  New- 
ton's Third  Law?  49.  Illustrate  reaction  in  non-elastic  bodies.  50.  Illustrate  reaction 
in  elastie  bodies.  Give  some  fomiUar  examples.  91.  Explain  reflected  motion.  Define 
lines  and  angles  of  incidence  and  reflectfon.  Gire  the  law  of  reflected  motion.  Illustrate 
by  figure.  Sii.  Explain  the  centriihgal  and  centripetal  forcea.  Ulustrate  by  examples  and 
figure.  How  does  the  body  move  when  the  centripetal  force  is  destroyed  ?  Explain  tlie  ex- 
periment with  ivory  balls.  53.  Give  some  effects  of  the  centrifugal  force.  Effect  on  the 
earth.  Explain  the  experiment.  Explain  the  tendency  of  bodies  to  rerolve  about  tbdr 
shortest  axis.    54.  Define  the  gyroscope.    Explain  figure. 

55.  Define  the  force  of  grarity ;  weight ;  nniyersal  gravitatino.  Explain  the  law  of 
oniTersai  graTitation.  Give  the  law  of  Newton.  ExpUdn  farther  by  figure.  Why  do  not 
two  bodies  come  together  resting  on  a  table  ?  50.  Explain  the  effcct  of  graTitation  on  the 
planets.  57.  What  is  the  law  of  the  force  of  graTity  ?  Why  is  gravity  dlflerentat  different 
places  on  the  earth's  sur&ce?  58.  Define  a  vertiosl  line.  Illustrate  by  figure.  Define  ft 
horiaontal  line.  Illustrato  What  instruments  are  based  upon  these  lines  ?  59.  Whatia 
the  difference  between  weight  and  gravity  ?  How  b  each  determined  ?  00.  Define  the 
centre  of  gravity.  Explain.  What  Is  the  line  of  direction  ?  Where  is  the  centre  of 
gravity  in  solids  of  regular  figure  and  uniform  density  ?  Examples.  In  sheets  of  uniform 
thickness  and  density  ?  How  is  the  centre  of  gravity  found  in  surfkces  of  irregular  out- 
line ?  How  found  in  any  solid  ?  When  not  within  the  body,  how  Is  it  fbund  ?  01.  When 
Is  a  body  In  equilibrium?  When  a  body  rests  on  a  point,  where  must  the  centre  of  grav- 
ity be?  ^Fhen  it  rests  on  two  points?  Example.  When  on  three  points?  Example. 
OS.  What  are  the  three  cases  of  equilibrium  ?  What  Is  stable  equilibrium  ?  Illustrate. 
Examples.  What  is  unstable  equilibrium?  Illustrate  What  is  neutral  equilibrium? 
Illustrate.  Examples  of  the  three  kinds  of  equilibrium  with  the  cone.  03.  What  bodies 
are  the  most  sUble  ?  Explain  the  stability  of  the  towers  of  Pisa  and  Bologna.  How  do 
men  and  animals  maintain  a  stable  position?  Illustrate.  04.  Give  the  three  laws  of 
fUling  bodies.  How  is  the  firMt  law  verified?  Explain  the  reason  of  the  second  law. 
Third  law.  What  Is  the  rule  for  finding  the  velocity  acquired  by  a  fUling  body  at  the 
end  of  any  given  time  ?  Example.  What  Is  the  rule  for  finding  the  space  passed 
over  during  any  given  second  of  the  descent  ?  Example.  What  is  the  rule  fbr  find- 
ing the  whole  distance  travenied  by  a  fkUing  body  in  a  given  time  ?  Example.  05.  Ex- 
plain Galilco's^kwthod  fbr  verifying  the  laws  of  fiUling  bodies.  00.  What  is  the  effect 
on  a  body  thrown  perpendicularly  upward?  How  do  we  find  the  number  of  seconds 
it  will  continue  to  rise?  Example.  How  do  we  find  the  whole  distance  it  will  rise?  Ex- 
ample. 07.  Define  a  prc\)ectile.  Illustrate  by  figure  when  a  ball  Is  thrown  horison- 
tally,  lllmtnte  the  path  of  a  ball  by  figure,  fired  obliquely,  at  different  angles 
08.  When  will  a  ball  fired  horisontally  reach  the  ground?  When,  if  fired  obliquely  up- 
ward? 00.  Define  the  pendulum.  What  causes  the  pendulum  to  vibrate?  Explain  the 
action  In  detail  What  is  oscillatory  motion  ?  What  Is  an  oscillation  or  ribration  ?  What 
Is  its  amplitude?  What  effect  has  the  air  on  vibration  ?  79.  What  is  a  simple  pendu- 
lum? Is  It  real  or  Ideal?  What  is  a  compound  pendulum?  Explain  its  construction. 
71.  Give  the  four  laws  of  the  vibrations  of  the  pendulum.  How  are  these  laws  de- 
duced? How  is  the  first  law  verified?  Second  law?  Limitation.  Define  isochro- 
nlsm.  When  are  vibrations  isochronlcal ?  Who  ditrovered  the  pendulum, and  when? 
f*J,  Explain  the  centres  of  suspension  and  oscillation.    73.  What  is  the  principal  use 
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of  the  peirdalam?  Whet  to  the  motor  in  a  clock  ?  Explain  the  actkm  of  the  pendnlimf 
as  a  r^ulator.  What  efifioct  haTe  Tariatioos  of  tempexature  <»!  the  pendulmn?  How 
are  these  effects  compensated  in  nice  clocks  ?  How  in  conunon  clocks  ?  Why  do  clocks  lose 
time  in  summer  and  gain  time  in  winter?  74.  How  are  compensation  pendulums  made? 
£xplain  the  mercury.pendulum.  Explain  the  gridiron  pendulum.  What  is  the  relatire 
expansion  of  brass  and  steel  ?  75.  What  is  the  length  oi  the  seconds  pendulum  at  the 
equator?  at  New  York  ?  at  Spitsbergen  ?    Explain  the  cause  of  this  Tariation. 

76*  Define  work.  AppUoEition  of  the  .term.  Illustrate.  77.  Explain  mea«urement 
of  work.  Define  foot>pound.  Kilogram-meter.  Rule  for  finding  example.  78*  Explain 
horse-power.  Apply  to  machines.  79.  Define  energy.  Illustrate.  Rule  for  finding 
amount^f  energy.    80.  Explain  kinetic  and  potential  energies.    Illustrate. 

APPLICATION  OF  PHYSICAL  PRINCIPLES  TO  MACHINES. 

81.  Define  a  machine ;  power ;  weight.  82.  Define  motor.  Examples.  83.  What 
b  the  object  of  machines  ?  Can  a  machine  create  power  ?  What  are  hurtful  resistances  ? 
Their  eflect?  84.  Work  implies  what?  What  measures  the  quantity  of  work?  The 
work  of  the  power  equals  what !    Illustrate.    Give  the  three  general  laws  of  machines. 

83.  Name  the  mechanical  powers.  86.  Use  of  cords,  bands,  and  belts?  87*  Define 
the  lever;  fixlcrum ;  power;  weight  What  are  the  lever  arms?  Illustrate.  Describe 
the  three  classes  of  levers.  88.  Give  the  law  of  the  lever.  Examples.  89*  Examples  at 
levers.  90.  Jlxplain  weight  between  two  supports.  91.  What  are  compound  levers  ? 
Rule.  Example.  92.  Define  the  balance.  Explain  the  parts.  How  are  bodies  weighed  ? 
93.  Name  and  illustrate  three  requisites  for  a  good  balance.  94.  How  is  a  balance  to  be 
tested?  93*  How  may  a  body  be  weighed  correctly  by  a  false  balance?  96.  Explain 
and  illustrate  the  steel-yard.  97.  Explain  the  wheel  and  axle.  Show  the  principle  of 
lever.  Give  rule.  98.  Explain  the  windlass.  99.  Explain  the  capstan.  100.  Explain 
the  differential  windlass.  101.  What  is  a  trahi?  driver?  foUower?  102.  Explain  the 
modes  of  connection  and  illustrate.  103.  What  is  the  law  of  wheel-work  ?  Examples. 
104.  Define  the  pulley.  103.  Explain  the  fixed  pulley.  106.  Explain  the  movable 
pulley.  Use  of  fixed  pulleys  ?  107.  Explain  and  illustrate  combinations  of  pulleys. 
Give  the  law.  Examples.  108.  Define  the  inclined  plane.  Explain  its  principle 
What  is  the  ratio  of  power  to  the  weight  f  Illustrate.  Examples.  109.  Explain  the 
wedge.  Why  cannot  we  accurately  estimate  the  power  of  the  wedge  ?  Use  of  the  wedge? 
Examples.  110.  What  is  the  screw?  its  thread?  its  nut?  Illustrate  the  use  of  the 
lever  combined  with  the  screw.  111.  What  is  the  law  of  the  screw?  118.  Describe 
the  endless  screw.    Ite  uses. 

113.  What  is  friction?  How  caused?  SUdingand  rolling?  114.  How  is  friction 
measured?  Illustrate.  What  facte  have  been  ascertained  about  friction ?  113.  Name 
some  advantages  of  friction.  116.  How  does  the  stiffness  of  cords  produce  friction  ?  How 
lessened?    117.  Explain  atmospheric  resistance. 

THE  MECHANICS  OF  LIQUIDS. 

118.  Define  hydrostatics  and  hydrodynamics.  119.  Name  the  properties  common  to 
all  liquids.  Illustrate.  120.  What  is  the  principle  of  Pascal  ?  lUustrate  witii  bottle  and 
cylinder.  121.  Explain  pressure  due  to  the  weight  of  liquids.  122.  Does  the  pressure 
on  the  bottom  of  a  vessel  depend  upon  the  shape  of  th4  vessel  ?  How  shown  ?  Explain 
the  experiment  in  detail.  123.  Explain  the  hydrostatic  bellows.  124.  Bow  is  lateral 
pressure  demonstrated?  Describe  the  reaction  wheel.  Exphiin  ite  action.  125.  How 
is  upward  pressure  demonstrated?  Illustrate.  126.  What  is  Pascal's  experiment? 
127.  What  is  the  principle  of  the  hydraulie  press?  Describe  in  detail.  Illustrate  its 
power  by  example.    What  are  ite  uses  ? 

128.  When  is  a  soUd  in  eqniUbrium  ?  a  liquid  ?  If  the  liquid  is  acted  on  by  other 
forces  than  gravity,  what  is  the  result?  129.  What  is  a  level  snrfkce?  Illustrate. 
130.  What  are  the  conditions  of  equilibrium  in  communicating  vessels?  How  demon- 
stratad?     131.  What  are  the  conditions  of  equilibrium  in  liquids  of  diflferent  ( 
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ties?  Howdemoiutnted?  132.  Explaiii  equilibrioin  of  heterogeneous  liquids.  How 
shown? 

•'  133.  Ezplaid  the  water-level.  How  used?  134.  Explain  the  spirit-level.  How 
used?  Applications.  135.  Explain  springs,  fountains, and  rivers.  136.  Explain  arte^ 
«ian  wells.  'Illustrate.    Examples.    Oil-wells. 

•  137.  How  are  submerged  bodies  pressed?  Illustrate:  Give  the  principle  of  Archime- 
des. 138.  Explain  the  hydrostatic  balance.  139.  Explain  the  cylinder  and  bucket  ex- 
periment. What  is  the  story  of  Archimedes  t  '  140.  ^Vhen  a  body  is  plunged  into  a 
liquid,  what  three  cases  arise?  Explain  each.  Define  plane  of  flotation.  Why  does  a 
teucer- float  on  water?  141.  Illustrate  the  principles  of  flotation  by  experiment. 
142.  Explain  the  swimming  bladder  of  the  fish.  What  is  its  action  ?  143.  Explain 
swimming. 

144.  Define  specific  gravity.  Illustrate.  What  is  taken  as  a  standard?  How  do  we 
find  thb  specific  gravity  of  a'  body  ?  143.  How  do  we  find  the  specific  gravity  of  a  solid 
by  ttie  hydrostatic  balance?  Rule.  Example.  How  do  we  find  the  specific  gravity  of  a 
solid  that  floats  on  the  water?  Examples.  By  Nicholson's  hydrometer?  By  a  flask? 
146>  How  do  we  find  the  specific  gravity  of  liquids  by- Fahrenheit's  hydrometer?  by  a 
flask?  Application  of  specific  gravity.  147.  Describe  Beaum^'s  areometer.  How  is  it 
graduated?    Use?    148.  Describe  the  alcoholm^ter     How  graduated  ?    Use? 

149.  Explain  the  flow  of  liquids  from  orifices.  The  velocity  increases  in  proportion  to 
what?  HhiBti^te.  When  is  the  range  of  a  horizontal  jet  the  greatest  ?  150.  The  vol- 
ume of  a  liquid  discharged  is  equal  to  what?  Example.  Explain  the  vena  contracta. 
151.  iSxpUin  the  flow  of  liquids  through  pipes.  Illustrate.  152.  Explain  the  flow  of 
rivers ;  the  resistance  of  friction. 

153.  Explain  the  energy  possessed  by  water  collected  in  reservoirs,  etc.  What  are  the 
forces  that  turn  water-wheels?  134.  Ebcplaih  the  undershot  wheel.  153.  Its  power. 
Explain  the  overshot  wheel.'  Its  powen  '  156.  Explain  the  breast-wheel.  Its  power. 
1.57*  Explain' Uie  turbine  wheel    Illustrate.    How  great  is  its  power? 

.158.  Explain  Archimedes'- screw.  159.  Explain  the  chain-pump.  160.  Explain 
the  hydraulic  ram.    Illustrate  its  action. 

PNEUMATICS. 

161.  What  are  gases  and  vapors  ?  How  do  they  difler  from  liquids  ?  What  is  the  dif-' 
foence  between  a  gas  and  a  vapor  ?  •  162.  The  atmosphere  is  the  type  of  what  ?  What  is 
Its  color  ?  Composed  of  what  ?  Sources  of  carbonic  acid  in  the  air  ?  The  relation  of  plants 
to  oxygen  and  carbonic  add  ?  163.  Illustrate  the  expansive  force  of  air  164.  Prove 
that  ail*  has  weiglit.^  165.  Explain  atmospheric  pressure.  Illustrate.  166.  Show  the 
Unbalanced  force  of  the  air  by  bursting  a  membrane  and  by  stretching  rubber.  167.  11- 
kistmte  the  force  of  the  air  with  the  Magdeburg  hemispheres.  168.  Illustrate  the  up- 
ward piessure  of  the  air  by  experiments  with' tumbler  and  piston  with  weight  attached.' 
169.  What  is  the  pressure  of  the  dtmospliere  on  a  square  inch?  Describe  Torricelli's 
experiment.  How  shown  tliat  the  pressure  is  16  pounds  on  an  inch?  What  unit 
of  pressure  is  adopted  for  all  gases  and  vapors?  Example.  170.  Describe  Pascal's 
experiments  in  detail,  and  his  mode  of  reasoning.  What  conclusion  is  derived  from 
PascaTs experiments?  171.  What  is  a  barometer  ?  What  is  its  principle?  172.  De- 
scribe the  cistern  barometer.  Where  is  the  aero  point  of  the  scale  ?  How  is  it  regulated  in 
accurate  barometers  ?  How-  is  the  height  of  the  barometer  determined  ?  173.  Describe 
the  siphon  barometer.  How  do  we  find  the  height  of  the  barometer?  How  are  oscillations 
obviated?  174.  Describe  the  wheel  barometer.  Illustrate  its  action.  Why  inaccurate  ? 
175.  What  is  the  principle  of  the  aneroid  barometer?  Explain  its  action.  176.  What 
are  the  causes  of  barometric  fluctuations?  Illustrate.  177.  Explain  the  barometer  as  a 
weather  indicator.  What  rules  are  generally  trustworthy  ?  178.  On  what  principle  is 
the  barometer  used,  for  measuring  heights  ?  Give  rule.  179.  What  is  the  pressure  of 
the  atmosphere  on  the  human  body  ?  How  resisted  ?  How  is  it  shown  that  the  i 
of  the  body  contain  gases  ?    Principle  of  cupping  ? . 
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180*  What  is  MarioUe's  law?  Conaeqnence?  181.  Prore  the  law  by  Mariotte^f 
tube. 

182.  Who  iDTeoted  the  air-pump  ?  When  ?  Describe  the  air-pump.  Explain  its  ae- 
tioD.  183.  Describe  the  siphon  gauge.  Explain  its  action,  184.  Explain  Sprengel's 
air-pump  and  its  action.  Principle  of  the  filter-pump.  185.  Give  some  experiments 
with  the  air-pump.  18tf.  Explain  the  use  of  the  air-pump  in  concentrating  sjrupe. 
Explain  pneumatic  tubes  and  their  use.    187.  Explain  the  condenser  and  its  action. 

188.  GiTe  some  applications  of  condensed  air.    How  are  persons  affected  in  dense  air  ? 

189.  How  is  condensed  air  applied  to  tunnelling  and  mining  ?  Explain  some  of  tlie  ma^ 
chines  used  in  drilling.  190.  Wliat  are  the  advantages  in  the  use  of  compressed  air? 
191.  What  is  the  principle  of  the  fountain  ?  Describe  Hero's  fountain  and  explain  its 
action.  19tt.  Explain  the  construction  and  use  of  the  atmospheric  iniutand.  193.  De- 
fine the  water-pump.  What  are  the  principles  employed?  194*  Describe  the  lifling- 
pnmp.  Illustrate  its  action.  What  is  the  lowest  limit  of  the  play  of  the  frfston? 
199.  Describe  the  forcing-pump.  Illustrate  its  action.  196.  Describe  the  finrcing- 
pump  with  air-chamber  Explain  its  action.  197.  What  is  the  fire-engine?  Describe  it 
and  explain  its  action.  How  operated?  198.  What  is  the  siphon  ?  Its  use  in  decant- 
ing? How  is  it  prepared  for  use?  Explun  its  action  and  the  principle  involved.  How 
high  can  water  be  raised  by  a  siphon  ?  199.  Explain  adhesion  of  liquids  and  gases. 
How  is  Gifford's  iqjector  used  ?    Explain  the  principle  of  adhesion  by  experiment. 

itOO.  What  is  the  baroscope  ?  Describe  it.  Explain  its  use.  What  is  the  principle  of 
Archimedes?  Examples.  2)01.  What  is  a  balloon?  How  were  balloons  first  made? 
What  are  fire-balloons?  202.  Balloons  of  the  present  day  are  filled  with  what  ?  How 
are  they  made?  How  does  the  aeronaut  know  whether  he  is  ascending  or  descending? 
Upon  what  principle  does  the  balloon  rise  ?  Give  the  measurements  of  a  balloon.  Explain 
failure  of  attempts  to  direct  iu  course.  203.  Explain  the  method  of  filling  a  balloon 
and  making  an  ascent.  204.  Of  what  use  are  balloons?  The  greatest  height  attained? 
205.  What  is  the  parachute  ?  Construction  ?  Give  the  experiment  of  Wise.  What  is  the 
use  of  the  parachute  ?    How  is  the  parachute  detached  from  the  balloon  ? 

ACOUSTICS. 

200.  Define  acoustics  207.  Define  sound.  How  caused?  Define  sonorous ;  medium. 
Illustrate  sound  by  a  stretched  cord.  208.  Explain  sound-waves.  What  is  meant  by  a 
condensed  and  a  rarefied  pulse  ?  Illustrate  the  formation  of  sound-waves  with  tuning-forii  and 
bell.  Define  velocity  <^  sound.  Wave-length.  Illustrate.  Defineamplitude  of  vibration. 
209.  Explain  combinations  of  sound-waves.  Examples.  210.  Explsin  coincidence  and 
interibrence  of  sound-waves.  Illustrate  with  tuning-fork.  Exam|^.  211.  Explain 
beats.  Illustrate  with  tuning-fork.  Rule.  Examples.  212.  Prove  that  sound  b  not 
propagated  in  a  vacuum.  213.  Give  examples  of  the  furopagation  of  sound  fai  liquids  and 
solids.  214.  Give  examples  to  show  the  velocity  of  sound  in  air  Give  an  account  of  the 
experiment  of  scientists  to  find  the  veloci^  of  sound  in  air  Explain  the  relation  of  the 
density  and  elasticity  of  air  to  the  velocity  of  sound.  The  velocity  is  proportional  to  what  ? 
213.  Give  the  experiment  of  Colladon  and  Sturm  in  findingthevelocity  of  sound  in  water. 
What  is  the  velocity  per  second?  216.  What  is  the  velocity  of  sound  in  soUds ?  How 
proved  ?  Why  is  the  velocity  of  sound  in  solids  and  liquids  greater  than  in  air  ?  217.  Ex- 
plain reflection  of  sound  and  echoes.  Illustrate.  What  is  necessary  to  get  an  echo  ?  When 
is  an  echo  monosyllabic  ?  dissyllabic  ?  etc.  What  are  multiple  echoes  ?  How  is  sound  wasted  ? 
Baamples.  218.  Explain  acoustic  clouds.  Illustrate.  219.  What  is  resonance  ?  Illus- 
trate. 220.  Explain  refWu>tion  of  sound.  Illustrate  by  experiment  with  the  watch. 
221.  Upon  what  does  the  Intensity  of  sound  depend  ?  How  does  it  vary  ?  Illustrate  how 
sound  may  be  modified.  222.  Explain  intensity  of  sound.  Give  Blot's  experiment. 
What  are  speaking-tubes  ?  223.  Explain  the  speaking-trumpet.  What  is  the  theory  of 
its  effect  ?  224.  Explain  the  ear-trumpet  and  its  use.  How  does  it  act  upon  the 
sound-waves? 

225.  What  causes  a  musical  sound  ?  22  A.  A  noise?  Examples.  Ilhistrate  by  Savart^ 
wheel    227.  Upon  what  does  pitch  depend  ?    lUostrato.    228.  Gire  tl^  cause  of  grav* 
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and  acate  sounds.  329*  What  is  the  use  of  the  siren  ?  Describe  it  in  detaU.  Explain  its 
action.  tl30«  Explain  how  we  determine  the  rapidity  of  the  Tibrations  of  the  sonorous 
body.  231.  Explain  how  we  find  the  length  of  a  sound-ware.  339.  How  are  cords 
made  to  vibrate  ?  What  are  transversal  vibrations  ?  They  depend  upon  what  ?  233*  De- 
scribe the  sonometer.  Name  and  illustrate  the  four  laws  of  transversal  vibrations. 
i234.  Explain  the  verification  of  these  laws.  239*  Explain  the  formation  of  nodes. 
336.  Illustrate  Melde's  vibrations  of  a  string.  237.  How  can  strings  or  wires  be  made 
to  vibrate  longitudinally  ?  How  does  their  pitch  compare  with  that  of  transversal  vibra- 
tions ?  The  shorter  the  wire,  how  are  the  vibrations  ?  Prove.  Illustrate  these  vibrations 
by  experiment.  238*  Explain  sympathetic  vibrations.  Examples.  239*  Explain  vi- 
bration of  plates  with  sand.  How  are  Chladni's  figures  produced?  240.  ExpliUn  ovw- 
tures,  or  harmonics.  MThat  is  a  fundamental  tone?  241.  What  is  meant  by  quality,  or 
timbre  ?  Illustrate.  242*  What  is  meant  by  the  musical  scale  ?  What  is  the  gamut,  <a: 
diatonic  scale  ?  How  are  the  notes  named  ?  Give  the  tables  expressing  the  relative  vibra^ 
tion  of  each  note  of  the  octave,  and  the  relative  lengths  of  strings.  Table  ot  absolute 
number  of  vibrations.  There  are  really,  how  many  notes  in  the  diatonic  scale  ?  243.  De- 
fine a  musical  interval.  How  do  we  find  the  numerical  value  of  any  interval?  Give  table 
of  intervals.  244.  Define  melody.  Example.  245.  Define  a  chord;  harmony.  Exam- 
ple.   Define  discord.    When  do  we  have  the  simplest  and  most  agreeable  harmony  ? 

246.  What  is  the  optical  study  of  sounds?  247*  Explain  Lissi^us^  representa- 
tion of  vibraUons  with  single  fl>rk  and  mirror.  248.  Explain  vibratory  orations  of 
two  forks  at  right  angles.  Practical  use  of  these  principles.  By  what  other  method 
can  these  figures  be  produced?  249.  Give  the  construction  of  the  kaleidophone. 
250.  What  is  the  object  of  Koenlg's  apparatus  ?  Explain  its  construction.  Explain 
its  action  in  producing  monometric  flames.  231.  Into  what  two  classes  are  stringed  in- 
struments divided?  Give  examples  of  each.  232.  How  is  sound  produced  in  pipes? 
Give  the  method.  What  are  the  two  forms  of  the  mouth-pieces?  253.  What  are 
pipes  with  fixed  mouth-pieces  ?  Give  examples.  Describe  a  section  of  one.  Explain  the 
action  of  the  air  in  causing  the  sound.  What  is  the  diflference  between  the  nodes  of  an 
open  organ-pipe  and  a  closed  one  ?  Explain  the  nodes  of  an  organ-pipe.  Prove  with 
sand.  How  shown  with  Koenlg's  capsule  ?  254.  What  are  reed-pipes?  Give  examples. 
Give  the  two  kinds  of  reeds.  Describe  the  arrangement  of  a  reed  of  the  first  kind.  Exr 
plain  its  action.  Explain  the  action  of  the  free  reed.  255.  Wind  instruments  consist  of 
what?  Illustrate  their  action.  256.  Explain  sounding-flames.  Illustrate  by  experi- 
ment. 257.  Explain  sensitive  flames.  Illustrate.  258.  What  kind  of  an  instrument 
is  the  human  voice  ?  What  are  the  vocal  chords  ?  How  Is  the  vofoe  produced  ?  259.  De- 
scribe the  parts  of  the  ear.  How  is  sound  carried  to  the  brain?  260.  What  is  the 
phonograph?  Describe  it.  Explain  its  action.  261.  What  is  meant  by  energy  of 
sound  vibrations  ?    Illustrate. 

HEAT. 

262.  Define  beat  263.  Explain  heat  as  a  form  of  eneigy.  What  is  cold  ?  Explain 
the  two  theories  of  heat.  Heat  can  be  changed  into  what  form  ?  264.  Describe  the  gen- 
eral efiects  of  heat.  What  is  internal  work?  external?  How  do  heat  and  cold  affect 
bodies  ?  265.  In  gases,  liquids,  and  solids,  what  is  the  order  of  expansion  ?  Name  and 
describe  the  kinds  of  expansion.  266.  How  is  linear  expansion  of  metals  shown  ?  Ex- 
pansion in  volume  ?  267.  How  Is  unequal  expansion  of  metals  shown  ?  268.  How  Is 
expansion  of  liquids  shown  ?  of  gases  ? 

269.  Define  temperature ;  sensible  heat.  Explain  the  diflerence  between  temperature 
and  quantity  of  heat.  279.  What  is  a  thermometer?  Why  cannot  bodily  sensations 
measure  temperature  accurately?  What  is  the  principle  of  the  thermometer?  What  Is 
the  best  thermometer  for  common  use?  Describe  a  mercurial  thermometer.  271*  De- 
scribe the  method  of  making  a  thermometer.  272.  Describe  the  method  of  graduation. 
273.  Describe  the  centigrade,  R^umur's,  and  Fahrenheit's  scales.  What  letters  are  used 
to  designate  the  diflerent  scales?  274.  How  are  the  degrees  of  one  scale  converted  Into 
those  of  another?    Illustrate.    Give  the  formulae.    276.  How  does  the  alcohol  differ 
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from  the  mercurial  thermometer?  How  Ir  It  graduated  ?  Why  ?  How  filled  ?  276.  When 
Is  the  alcohol  preferable  to  the  mercurial  oue?  Why?  When  must  the  latter  be  used? 
Which  is  the  slower  in  its  action?  277.  What  rule  should  be  followed  in  usiug  the 
thermometer?  How  should  we  get  the  temperature  of  a  room?  of  the  atmosphere? 
278.  What  is  a  differential  thermometer  ?  What  are  its  two  forms  ?  Upon  what  princi- 
ple are  they  based  ?  t279.  Describe  Rumford's,  and  explain  its  action.  t2S0*  Describe 
Leslie's,  and  explain  its  action.  What  is  the  best  instrument  for  measuring  temperature? 
t281»  What  is  a  pyrometer?  What  are  the  most  important  ones  ?  What  is  the  principle 
of  each  ?  Are  they  trustworthy  ?  What  arrangements  are  now  used  for  measuring  high 
temperatures  ?  t2S*2«  Explain  absolute  aero  of  temperature.  Has  it  ever  been  realized  \ 
What  is  the  greatest  artificial  cold  produced  at  the  present  time?  greatest  natural  ? 

USa*  What  is  the  coefficient  of  linear  expansion  of  solids  ?  How  determined  by  LaToi- 
sier  and  Laplace?  Give  some  results.  What  is  the  coefficient  of  superficial  expansion 
and  expansion  in  volume  ?  How  determined  ?  t2S4«  Give  some  examples  of  the  princi- 
ple of  expansion  and  contraction.  i285»  Why  are  liquids  more  expansible  than  solids? 
What  is  absolute  expansion  ?  relative  ?  Example.  Which  is  generally  observed  ?  What 
is  the  coefficient  of  expansion  of  a  liquid?  i286.  At  what  temperature  has  water  the 
greatest  density  ?  When  does  it  freeze  ?  Describe  two  methods  of  determining  the  maximum 
density  of  water.  Explain  the  apparent  exception  to  the  law  of  expansion  and  contraction. 
Why  is  iron  valuable  for  casting?  Explain  the  consequences  of  the  expansion  of  water 
when  freezing.  Example  of  the  lakes  in  Switzerland.  Why  is  water  taken  at  39.2<^  F. 
a  standard  ?  287.  What  bodies  are  most  expansible  ?  Wliat  is  the  coefficient  of  expan- 
sion of  a  gas?  What  was  Guy  Lussac's  opinion?  288.  Give  some  applications  of  the 
expansion  of  gases.  289.  Upon  what  does  the  density  of  a  gas  depend  ?  What  do  we 
■take  as  a  standard  ?  How  do  we  determine  the  density  at  any  other  pressure  and  tempera- 
ture?   Example. 

290.  What  are  the  three  methods  of  diffusion  of  heat?  291.  How  is  heat  transmit- 
ted through  space  ?  Define  radiant  heat  and  rays  of  heat ;  undulatory  or  radiant  energy. 
292.  Give  the  four  laws  of  radiant  heat  and  their  verification.  293.  Explain  exchange  of 
beat  between  bodies,  and  give  example.  294.  Wtiatis  reflection  of  radiant  heat  ?  Defioo 
the  terms  used.  295.  Give  the  laws  of  reflection.  Describe  the  apparatus  for  verifying 
these  laws.  Explain  the  mode.  296.  Define  a  concave  mirror.  Define  the  term  focus. 
Explain  the  experiment  illustrating  the  action  of  concave  mirrors.  What  is  the  advantage 
of  parabolic  mirrors?  What  is  a  burning  mirror?  Explain  its  use.  297.  Define  good 
and  bad  reflectors.  Explain  Leslie's  method  of  determining  the  reflecting  power  of  differ- 
ent bodies.  Give  some  results.  Define  the  terms  diathermanous  and  athermanous.  Ex- 
amples. What  rays  warm  a  body  ?  298.  Explain  LesIie^s  method  of  determining  the 
absorbing  power  of  bodies  What  was  the  result?  299.  What  is  the  radiating  power 
of  a  body  ?  Explain  Leslie's  method  of  determining  it.  Give  the  result  of  the  experi- 
ment. 300.  ^Vhat  causes  modify  the  radiating  and  absorbing  powers  of  bodies?  Effect 
of  polish?  of  density  ?  of  direction  of  rays?  of  the  source  of  heat?  of  color?  391.  De- 
scribe the  radiometer.  Explain  its  action.  What  is  the  supposed  cause?  302.  Explain 
the  absorbing  power  of  gases.  Examples.  What  is  the  connection  between  light  and 
heat?  303.  Give  some  applications  of  the  preceding  principles.  304.  Define  conduc- 
tion ;  good  conductors ;  bad  conductors.  Explain  Ingenhousz's  apparatus.  How  used  ? 
What  are  the  respective  conducting  powers  of  solids,  liquids,  and  gases  ?  303.  ^Vhat  is 
convection  ?  Explain  by  experiment.  How  are  gases  heated  ?  306.  Give  some  applica- 
tions of  the  preceding  principles. 

307.  What  is  fusion?  When  does  fusion  take  place?  The  melting-point  is  usually 
the  same  as  what  ?  Can  the  freezing-point  be  lowered  ?  Is  the  melting-point  the  same  for 
all  metals  ?  Examples.  Are  all  bodies  melted  by  the  action  of  heat  ?  Examples.  308.  Ex- 
plain latent  heat  of  fusion.  What  does  latent  heat  strictly  mean  ?  What  type  of  energy 
is  it?  Illustrate  latent  heat  of  fusion  by  example.  Explain  the  action  of  latent  heat 
on  melting  masses  of  ice  ;  on  freezing  masses  of  water.  3«9.  Define  congelation.  How 
does  the  point  of  conp^elation  compare  \^lth  that  of  fusion  ?  Illustrate.  How  does  the 
heat  given  out  in  solidifying  compare  with  that  taken  up  in  melting  ?    Hlustrate  by  exam- 
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pie.  What  liquids  hSTe  never  been  ftosen  ?  Give  some  exunples  of  the  immense  power 
exerted  when  a  liquid  passes  from  a  liquid  to  a  solid  state.  EzpbUn  rq^lation. 
Sin.  What  are  crystals?  What  is  crystallisation?  Examples.  Give  and  explain  the 
methods  of  cryatallization.  311.  What  is  a  freeiing  mixture  ?  Example.  Explain  its 
action. 

315t.  Define  Taporiattion,  evaporation,  boiling,  and  sublimation.  What  two  classes 
of  liquids  have  we?  Define  each,  and  give  examples.  313.  Illustrate  the  tension  of  va* 
pors  by  experiment.  Give  some  exunples  of  the  power  of  steam.  314.  Why  do  vapors 
escape  from  the  surfitoe  of  liquids  ?  When  the  pressure  is  removed,  what  happens  ?  Illus- 
trate the  principle  by  the  experiment  What  does  the  experiment  show  ?  315*  When 
does  vapor  cease  to  form  ?  316*  Give  four  causes  Uiat  accelerate  evaporation.  Give  illus- 
trationb  and  applications  of  these  causes.  317.  What  is  ebullition,  or  boiling  ?  Explain 
the  ph^domena  of  boiling  Give  the  two  laws  of  ebullition.  Illustrate.  318*  What  are 
the  principal  causes  that  modify  the  boiling-point?  Illustrate  by  examples.  319.  What 
principle  does  Papin^s  digester  illustrate?  Explain  its  ccmstruction  and  use.  What 
causes  explosion  in  steam-boilers  ?  3d0«  Who  have  measured  the  elastic  force  G(  vapors  ? 
What  is  proved  ?  321.  What  is  the  latent  heat  of  vaporiation?  Explain  latent  heat 
as  a  type  of  energy.  323.  Explain  latent  heat  of  steam  by  example.  Illustrate  by  ex- 
periment. 323.  Give  examples  of  cold  produced  by  heat  becoming  latent.  324.  Ex- 
plain the  spheroidal  state  of  a  liquid.  Illustrate  by  example.  325.  Why  does  evapora^ 
tion  produce  cold  in  surrounding  objects  ?  How  can  we  produce  cold  with  sulphurous 
acid  and  the  spheroidal  state  of  a  liquid  ? 

326.  What  is  condensation  of  a  vapor?  Causes?  Explain  and  illustrate  each  by 
examples.  327.  Explain  how  heat  is  developed  by  condensation.  328*  Explain  heat- 
hig  buildings  by  steam.  329.  Define  distillation.  Explain.  330.  Describe  the  alem- 
bic, or  stUl.  Explain  the  method  of  using  it.  How  is  alcohol  distilled  ?  water  ?  331.  How 
may  gases  be  liquefied  ?  Explain  the  apparatus  and  process  for  liquefying  carbonic  acid 
gas.  Wliat  is  the  appearance  of  the  froien  acid?  How  is  extreme  cold  obtained  with  the 
solid  acid  ?  how  with  bisulphide  of  carbon  and  nitrogen  protoxide?  332.  Explain 
by  examples  specific  heat  of  solids  and  liquids.  What  is  a  unit  of  heat?  333.  De- 
fine specific  heat.  What  methods  are  employed  for  finding  the  specific  heat  of  bodies  ? 
334.  tixpMn  the  method  of  mixture  wiUi  example.  335.  Explain  the  method  by  melt- 
ing ice.  Explain  the  construction  and  method  of  using  the  calorimeter.  Give  results.  Show 
by  expeldment  with  the  disk  of  wax  that  the  specific  beats  of  diflferent  substances  differ 
very  widely.  336.  Explain  speci%:  heat  of  gases.  IIow  does  the  specific  heat  of  a  body 
in  the  liquid  form  compare  with  that  of  the  same  body  in  a  solid  or  gaseous  form  ?  What 
substance  has  the  greatest  specific  heat?  What  next?  337.  What  are  the  principal 
sources  of  heat?  Explain  and  illustrate  each  with  experiments  or  examples.  338.  What 
are  thja  principal  sources  of  cold?    Explain  and  illustrate  each. 

339.  Define  thermo-dynamics.  346.  Explain  and  illustrate  conservation  of  energy. 
Give  the  first  law  of  thermo-dynamics.  341.  Describe  the  apparatus  of  Joule.  How 
used?  What  is  meant  by  the  mechanical  equivalent  of  heat?  342.  Explain  and  illus- 
trate transformation  of  energy.  343.  Explain  and  illustrate  dissipation  of  eneigy. 
344.  Wliat  Is  a  steam-engine  ?  Of  what  two  parts  does  it  consist?  343.  Illustrate  by 
experiment  the  power  of  steam.  Explain  and  illustrate  the  tension  of  steam.  346.  Name 
the  varieties  of  steam-engine.  Explain  each.  What  advantages  does  each  have  ?  What 
is  meant  by  horse-power?  347.  Of  what  is  the  steam-boiler  generally  made?  Use? 
Describe  some  of  the  forms  of  boilers.  What  object  is  kept  in  view  in  the  construction  of 
the  boiler?  Describe  in  detail  the  boiler  and  its  appendages.  348.  Name  the  different 
kinds  of  manometers.  Explain  the  construction  and  method  of  using  each.  What  advan- 
.  tages  has  the  metallic  over  the  mercurial  ?  349.  Describe  the  structure  of  the  condensing- 
engine  in  detail.  Explain  its  working.  390.  Describe  the  structure  and  working  of  the 
governor.  What  is  its  use?  331.  Tllustrato  the  action  of  the  eccentric.  332.  Describe 
in  detail  the  structure  of  the  locomotive. 

333.  Define  hygrometry.  When  is  a  given  space  saturated  ?  Example.  Effect  of 
temperature  on  saturation.    Causes  that  vary  the  amount  of  watery  vapor  in  the  atmos- 
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phere.  What  is  the  real  object  of  hygrometry  ?  When  does  the  air  contain  the  greateet 
absolute  amount  of  vapor?  354*  What  is  the  hygroscope?  Give  examples  of  some  hy- 
groscopic substances.  335.  What  is  the  hygrometer?  Name  three  kinds.  Explain  the 
hair  hygrometer.  336*  Describe  the  construction  of  Daniell's  dew-point  hygrometer. 
Explain  its  action.  357*  Describe  the  construction  and  working  of  the  wet  and  dry  bulb 
hygrometer.  338.  Define  mists,  fogs,  and  clouds.  What  are  .the  causes ,  of  clouds  ? 
Give  the  theories  to  explain  why  clouds  remain  suspended  in  the  air.  Where  are  fogs  an^ 
mists  formed  to  the  greatest  extent?  339*  Name  and  explain  the  different  varieties  of 
clouds.  360.  What  is  rain  ?  How  formed  ?  Upon  what  does  the  quantity  of  rfkin  (|e- 
/pend?  361.  What  is  dew?  Give  Wells's  theory.  What  is  the  dew.point  ?  G|vecom- 
'mon  examples  of  the  deposition  of  dew.  What  is  frost?  What  has  the  moon  to  do  with 
freezing  ?  362.  How  is  snow  formed  ?  Of  what  are  snow-flakes  composed  ?  Where  does 
snow  foil  in  the  greatest  quantities?  What  is  hail?  Theories  as  to  its  formation. 
363.  What  are  winds?  How  named  ?  364.  What  are  the  causes  o£  winds?  363.  What 
are  regular  winds  ?  trade-winds  ?  Cause  ?  Explain  periodic  winds ;  monsoon  ;  simoom  ; 
sirocco;  land  and  sea  breezes.  What  are  variable  winds?  Causes.  366.  What  is  a 
tornado?  How  caused?  Explain  the  two  kinds.  367.  Explain  the  construction 
and  working  of  the  anemometer.  368.  What  are  the  advantages  of  the  signal 
service  ?  How  is  the  tel^^ph  an  aid  ?  Explain  the  method  of  making  weather 
predictions. 

OPTICS. 

369.  Define  optics.  370.  Define  light.  371.  What  are  the  two  theories  of  light? 
Explain  each.  What  is  the  difference  between  heat-waves  and  light- waves  ?  sound-vibra- 
tions and  light-vibrations?  Illustrate  light-vibrations.  372.  What  are  luminous  and  illu' 
minated  bodies  ?  Name  and  explain  the  principal  source  of  light.  373*  Define  and  illustrate 
a  medium ;  transparent,  translucent,  and  opaque  bodies.  374*  Explain  and  illustrate  ab- 
sorption of  light.  How  shown  in  the  atmosphere  ?  373.  Define  and  illustrate  a  ray  of 
light ;  pencil  of  rays ;  beam  of  rays.  Prove  that  light  in  a  homogeneous  medium  moves  in 
straight  lines.  376.  What  is  a  visual  angle  ?  Illustrate  by  figure.  377.  How  is  a  shadow 
formed  ?  What  is  the  umbra?  penumbra?  Illustrate  shadows  by  figure.  37S.  Explain 
Roemer's  method  of  ascertaining  the  velocity  of  light  by  Jupiter's  moons.  How  great  did 
he  find  the  velocity  to  be  ?  379.  What  is  meant  by  intensity  of  light  ?  What  is  the  law  ? 
What  is  a  photometer  ?    Explain  its  construction  and  the  method  of  using  it. 

380.  Explain  reflection  of  light.  What  is  irregular  reflection  ?  Examples.  381.  De- 
fine incident  and  reflected  rays ;  point  of  incidence ;  angles  and  planes  of  incidence  and  re- 
flection. Illustrate  by  figure.  382.  Give  the  laws  of  reflection.  Illustrate  by  figure. 
383.  In  what  direction  are  objects  seen  ?  Illustrate  by  figure.  384.  What  is  a  mirror  ? 
Examples.  What  is  the  objection  to  mirrors  which  have  amalgam  backs?  What  is  a 
speculum  ?  383.  What  is  a  plane  mirror?  Examples.  386.  What  is  an  image  of  an  ob- 
ject? Explain  how  images  are  formed  by  plane  mirrors.  What  makes  up  the  whole  image  ? 
387.  What  is  the  nature  of  the  image  formed  by  a  plane  mirror  ?  Define  virtual  and 
real  images.  388.  Explain  multiple  images.  389.  Describe  the  kaleidoscope.  How 
used?  390.  Explain  reflection  by  transparent  bodies.  391.  Describe  the  heliostat. 
How  used?  What  is  the  diflference  between  it  and  the  porte  lumitre  ?  392.  What  is  a 
concave  mirror?  Define  vertex;  centre  of  curvature;  principal  axis ;  principal  section. 
393.  Define  a  focus;  principal  focus;  principal  focal  distance.  Illustrate  the  prop- 
erties of  a  concave  mirror  by  figure.  What  is  a  secondary  axis  ?  Explain  spherical 
aberration.  Advantage  of  parabolic  mirrors.  How  can  we  develop  heat  by  concave 
mirrors?  394.  Illustrate  conjugate  foci  by  figure.  Define  them.  What  is  a  radi- 
ant ?  Enumerate  the  properties  of  the  foci  What  occurs  if  the  radiant  is  in  a  secondary 
axis?  395.  Explain  in  detail  the  formation  of  images  by  concave  reflectors.  396.  Ex- 
plain the  formation  of  virtual  images  by  concave  reflectors.  397.  Explain  the  formation 
of  images  by  convex  reflectors. 

398.  Explain  refaction  of  light.  Illustrate  by  figure.  399.  Explain  incident  ray  ; 
point  of  incidence ;  refracted  ray ;  angle  of  incidence ;  plane  of  incidence ;  angle  and  plane  of 
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refraction.  400.  What  is  meant  by  the  re&active  power  of  bodies?  What  is  the  gen- 
eral rule  of  refraction  ?  Give  examples  of  the  refractive  power  of  dififerent  substances. 
401.  Give  the  laws  of  refraction.  What  is  meant  by  the  index  of  refraction  ?  Illustrate 
the  second  law  by  figure.  Illustrate  index  of  refraction.  403.  Give  some  experimental 
proofs  of  refiraction.  403.  Give  some  examples  of  refraction  in  water.  What  effect  does 
refraction  have  on  the  heavenly  bodies  ?  The  object  is  seen  in  the  direction  of  what  ray  ? 
404.  Explain  and  illustrate  total  reflection  and  the  critical  angle.  405.  Give  some  ex- 
amples of  total  reflection.  Illustrate  total  reflection  by  figure.  406.  Define  mirage. 
How  produced  ?  Illustrate  by  figure.  Give  practical  examples.  407.  Explain  and  illus- 
trate refraction  with  media  having  parallel  fares.  408*  Define  a  prism.  How  do  prisms 
affect  light?  409*  Illustrate  the  course  of  luminous  rays  in  a  prism.  410.  Define  a 
lens.  How  made?  411*  Give  the  classification  of  lenses.  4 1^2.  Define  centre  of  curva- 
ture; axis;  optical  centre.  Explain  how  we  find  the  perpendicular.  413.  Explain  the 
action  of  convex  lenses  on  light.  414.  Define  principal  focus ;  principal  focal  distance ; 
spherical  aberration  by  refraction.  415*  Explain  and  illustrate  conjugate  foci.  What  is 
the  radiant?  Give  position  of  the  foci  when  the  radiant  has  different  positions.  How  are 
the  foci  situated  in  case  of  a  secondary  axis  ?  416.  How  is  an  image  formed  ?  Illustrate 
in  detail  the  formation  of  images  by  convex  lenses,  with  different  positions  of  the  object. 
When  does  the  lens  become  a  single  microscope  ?  417*  Illustrate  the  formation  of  im- 
ages by  concave  lenses.  418.  Explain  burning-glasses.  Give  examples.  419.  What 
kinds  of  mirrors  were  formerly  used  in  lighthouses  ?  What  are  the  objections  to  mirrors? 
Illustrate  the  lenses  used  in  lighthouses.  How  are  different  lighthouses  distinguished 
from  one  another  ? 

420.  Define  the  solar  spectrum.  Explain  in  detail.  Explain  color  as  compared  with 
pitch  in  sound.  421.  What  is  recom position  of  light?  Explain  the  methods  by 
which  it  can  be  produced.  4*.22.  Explain  fully  how  the  color  of  bodies  is  produced. 
423.  Define  complementary  colors.  Illustrate.  424.  What  are  subjective  colors? 
Illustrate.  Give  Tyndairs  explanation.  425.  Explain  and  illustrate  Fraunhofer's 
lines.  426.  Describe  in  detail  the  spectroscope.  427.  What  is  spectrum  analysis? 
Illustrate.  How  were  new  metals  discovered?  How  do  we  determine  the  existence  of 
metals  in  the  heavenly  bodies?  428.  What  is  interference  of  light?  429.  Explain 
and  illustrate  Newton's  rings.  Examples  of  interference  of  light.  430.  Explain 
diffiaction  of  light.  Examples.  431.  What  is  double  refraction?  Illustrate  fully. 
432.  Explain  polarization  of  light.  Illustrate.  433.  Illustrate  polarized  light  by 
tourmaline ;  by  gratings ;  by  reflection  and  refraction.  Beautiful  effects  produced  by 
interference  of  polarized  light.  434.  Explain  the  pincette.  435.  Give  some  applica- 
tions of  polarized  light.  436.  What  is  a  rainbow?  Conditions  of  its  formation ?  Two 
kinds?  Explain  by  figure.  437.  How  is  the  primary  formed  from  seven  drops?  Sec- 
ondary? Give  some  more  details  of  the  bow.  Examples  of  rainbows  in  icicles,  etc. 
438.  What  are  the  three  properties  of  the  spectrum  ?  How  determined  ?  Illustrate  by 
figure.  439.  Explain  fluorescence  and  calorescenco.  440.  Explain  chromatic  aberra- 
tion.   Illustrate.    441.  What  is  an  achromatic  combination  ?    Illustrate. 

442.  Name  some  varieties  of  optical  instruments.  443.  What  is  a  microscope? 
Kinds?  444.  What  is  a  single  microscope?  Qualities  of  the  image?  445.  Of  what 
docs  the  compound  microscope  consist  ?  Explain  in  detail.  How  is  the  magnifying  power 
expressed?  How  is  the  object  illuminated?  Uses?  446.  What  is  a  telescope  ?  Classes. 
Explain  the  first  class.  447.  Explain  in  detail  the  Galilean  telescope.  448.  Explain  in 
detail  the  astronomical  telescope.  How  do  wc  find  its  magnifying  power?  What  is  the 
difference  between  the  telescope  and  microscope  ?  449.  Explain  in  detail  the  terrestrial 
telescope.  450.  What  is  a  reflecting  telescope?  451.  E.xplain  Newton's.  452.  Ex- 
plain Ilerschel's.  453.  What  is  the  magic  lantern  ?  Explain  in  detail.  454.  What  i.s 
the  polyrama  ?  How  are  dissolving  views  obtained  ?  Examples.  What  other  lights  are 
used  instead  of  oil-lamps  ?  455.  What  is  the  plioto-electric  microscope  ?  Explain  in  de- 
tail. Uses.  456.  Explain  and  illustrate  the  solar  microscope.  457.  Define  the  cam- 
era ob.Hc'ura.  Illustrate.  The  images  arc  independent  of  what  shape?  Examples. 
458.  Explain  the  camera  and  lens.    Illustrate  their  action  and  use.    459.  Explain  the 
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artist's  camera.  Illustrafce  the  eoune  of  the  rajs.  480.  Explain  and  illustrate  the  pho- 
tographer's camera.  Define  positive  and  negative  pktareB.  461.  What  is  the  eye  ?  Ex- 
plain in  detail.  403«  Explain  the  mechanism  of  vision.  The  inversion  cf  the  image. 
463*  Uow  does  the  eye  adapt  itself  to  different  distances  and  degrees  of  intensity  ?  How 
long  does  an  impression  last  upon  the  retina?  464.  Define  the  terms  near-sightedness 
and  far-sightedness.  How  is  each  produced,  and  what  is  the  remedy  ?  465.  Why  is  not 
vision  double?  466.  What  is  the  stereoscope  ?  Describe  its  action  and  the  method  of 
using  it.    How  can  the  lenses  be  made  perfectly  symmetrical  ? 

ELECTRICITY. 

467.  What  is  the  nature  of  electricity?  Name  the  three  divisions.  468.  What  are 
natural  and  artificial  magnets  ?  permanent  and  temporary  ?  4  60*  Explain  the  distribu- 
tion of  magnetic  force.  What  are  the  poles  ?  equator  ?  Illustrate.  Show  that  magnetism 
is  exerted  through  intermediate  bodies.  470.  What  is  the  action  of  one  magnet  upon 
another?  471.  Give  the  law.  47i£.  What  is  the  efiiect  when  a  magnet  is  broken? 
473.  Define  magnetic  and  diamagnetic  bodies.  Examples.  474*  Explain  and  illustrate 
magnetism  by  induction.    473.  What  is  the  coercive  force  ? 

476*  Explain  and  illustrate  the  directive  force  of  magnets.  What  are  the  real  north 
and  south  poles  of  a  magnet  ?  477  •  What  is  the  magnetic  meridian  ?  What  is  meant  by 
the  declination  of  the  needle  ?  <Uumal  variations  ?  perturbadons  ?  478*  Describe  the 
compass.  What  is  its  use?  How  is  the  magnetic  declination  found  at  any  place? 
479*  What  is  a  dipj^ng  needle  ?  How  is  the  needle  of  the  compass  prevented  from  dip- 
ping ?    Show  the  use  of  the  dipping  needle.    Illustrate  with  bar  magnet. 

480.  Explain  how  magnets  are  made  by  terrestrial  induction.  481*  How  are  mag- 
nets made  by  friction  ?  single  touch  ?  separate  ?  double  ?  482*  What  is  a  magnetic  bat- 
tery? armature?    Use? 

483.  Give  an  outline  of  the  history  of  electrical  discoveries.  Explain  Gilbert's 
experiments  and  the  manner  of  making  them.    What  is  the  derivation  of  electricity  ? 

484.  Define  the  electroscope.     Describe  the  electrical-'  pendulum.     What  is  its  use? 

485.  Prove  that  there  are  two  kinds  of  electricity.  Give  names.  486.  Describe  in  de- 
tail the  gold-leaf  electroscope  ?  487.  Explain  the  method  of  using  it.  488^  What  is 
the  law  of  electrical  action  ?  489.  Define  conductors ;  insulators.  Give  iilnstrations  and 
examples.  490.  Explain  fblly  the  hypothesis  of  two  electrical  fluids.  Explain  electricity 
as  energy.  491.  When  two  bodies  are  rubbed  together,  what  results?  Give  list  of  bod- 
ies that  produce  negative  or  positive  electricity,  according  to  the  order  of  rubbing. 
492.  Explain  how  electricity  can  be  produced  otherwise  than  by  friction.  493.  Ex- 
plain how  bodies  are  electrified.  494.  Show  that  electricity  tends  to  accumulate  on  the 
surlkce  of  bodies  by  the  hemispheres  and  by  Faraday's  experiment.  493.  What  is  meant 
by  tension  of  electricity?  Illustrate.  496.  Illustrate  by  the  proof-plane  the  power  of 
points  in  electricity. 

497.  What  is  meant  by  induction?  Illustrate  ftilly.  498.  What  is  Faraday's 
theory?  499.  What  is  the  electrophorus ?  Describe  it.  How  u!«ed»  500.  What  is 
the  electric  machine?  By  whom  invented?  Describe  in  full.  501.  Explain  its  use. 
SOti,  What  is  the  principle  of  Holtz's  machine?  Describe  in  detail.  Explain  its  action. 
Uow  affected  ?  503.  What  is  Carre's  dielectric  machine  ?  hydro-electric  ?  504.  What 
precautions  are  necessary  in  using  the  machine  ?  505.  What  is  an  electrical  condenser  ? 
506.  Describe  the  Leyden  jar.  How  charged  and  discharged  ?  507.  What  is  an  electric 
battery  ?    How  charged  ?    508.  Explain  the  Leyden  jar  with  movable  coatings. 

509.  What  is  an  electrical  spark?  How  produced?  What  is  an  electrical  shock? 
When  felt  ?  Explain  the  production  of  the  spark.  510.  How  is  the  electrical  stool  used  ? 
511.  What  is  the  electric  chime?  Explain  its  action.  512.  What  is  the  electrio 
image?  Explain  its  action.  513.  Explain  the  effect  of  points  in  electrical  action. 
514.  What  is  the  electrical  wheel  ?  Explain  its  action.  515.  What  is  the  velocity  of 
electricity  ?  Illustrate  the  duration  of  the  spark.  516.  What  is  the  electrical  egg  ?  De- 
scribe its  action  517.  What  is  the  electrical  square?  Explain  its  action.  518.  Hlns- 
tiate  the  heating  power  of  electricity  by  burning  ether  and  the  battery.    519.  Show 
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mechanic&l  effects  by  card  and  Leyden  jar.  9*<I0.  Show  chemkal  effects  by  pistol. 
dSl.  What  are  the  physiological  effects  of  electricity  ?    Gire  examples. 

S*^»  Show  the  identity  of  lightning  with  the  electric  spark.  d23.  Explain  atmos- 
pheric electricity.  How  determined?  dd4.  Give  causes  of  atmospheric  electricity. 
d*<£5.  What  is  lightning?  Name  some  of  the  different  kinds.  526*  What  is  thunder? 
To  what  is  it  due?  Explain  the  peculiarities  of  thunder.  527.  Describe  the  effects  of 
lightning.  528.  Explain  the  return  shock.  529.  What  are  lightning-rods?  Wh&L 
conditions  should  this  fiilfll?  ^Vhat  is  their  real  utility?  530.  What  is  the  aurora 
borealis  ?    Describe  it. 

531.  What  is  dynamical  electricity?  Why  so  called?  Origin  of  the  terms  galTanic 
and  voltaic?  Describe  GalTaoi's  experiment.  What  was  his  explanation?  532.  Give 
Yolta's  theory.  533.  Give  Fabroni*s  theory.  534.  Explain  and  illustrate  current 
electricity.  What  is  a  voltaic  couple  or  element?  535.  Explain  the  direction  of  the 
current.  Define  the  terms  electro-positire,  electro-negatire,  and  electromotive.  536.  Ex- 
plain the  action  of  the  acid  and  the  amalgamation  of  the  sine.  537.  What  is  meant  by 
electrodes?  To  what  plates  are  the  positire  and  negatire  electrodes  joined?  538.  What 
is  meant  by  electrical  potential  ?  Illustrate.  539.  What  is  a  voltaic  battery  ?  540.  De- 
scribe the  Toltaic  pile.  541.  What  are  constant  batteries?  542.  Describe  Smee's 
battery.  543.  Describe  the  potassium  bi-chromate  battery.  544.  What  is  the  mercury- 
sulphate  battery  ?  545.  Describe  Daniell's  battery.  Explain  its  action.  540.  Explain 
Grove's  battery.  547.  Explain  Bunsen's  battery.  648.  Define  electromotive  force; 
resistance ;  intensity.  What  is  Ohm's  law  ?  Define  external  and  internal  resistances. 
What  is  an  ohm  ?  549.  Explahi  batteries  of  high  and  low  resistances.  550.  Compare 
frictional  with  galvanic  electricity.    Give  Tyndall's  illustration. 

551.  Name  the  effects  of  the  galvanic  battery.  552.  Explain  and  illustrate  the  physio- 
logical effects.  553.  Explain  andillustrate  the  heating  effects.  554.  Explain  and  illus- 
trate the  illuminating  effects.  Explain  the  voltuc  arc.  555.  Illustrate  the  cbemical 
effects  by  the  analysis  of  water.  Explain  the  terms  electro-negative  and  electro-positive. 
556.  Define  electrotyping.  Describe  the  preparation  of  the  mould.  Describe  the  deposi- 
tion of  copper  on  the  mould.    557.  Explain  electro-plating  and  gilding. 

558.  Show  the  rdation  between  magnetism  and  electricity.  559.  Explain  and  illus- 
trate the  action  of  the  electric  current  upon  a  magnet.  560.  What  is  Ampere's  law? 
561.  Illustrate  the  force  magnets  have  on  currents ;  the  earth.  How  do  two  parallel 
currents  affect  each  other  ?  How  does  a  helix  act  when  suspended  in  cups  of  mercury  ? 
If  two  solenoids  are  brought  together,  what  results  ?  562.  Explain  Ampere's  theory  of 
magnetism.  563.  Define  a  galvanometer.  Describe  it.  Describe  the  galvanic  multi- 
plier. What  is  an  astatic  needle  ?  564.  Explain  and  illustrate  the  uses  of  the  galvanic 
multiplier.    565.  How  can  we  magnetize  by  an  electric  current? 

566.  Define  an  electro-magnet.  How  made  ?  What  property  has  a  soft-iron  arma- 
ture? Show  that  the  helix  is  also  magnetized  567.  What  is  the  electric  telegraph? 
Give  a  general  description  of  Morse's.  568.  Describe  the  register.  Describe  the  sounder. 
Write  Morse's  alphabet.  569.  Explain  the  transmitting  key.  570.  Explain  the  relay. 
571.  Explain  lightning  arresters.  572.  How  are  wires  arranged  in  a  circuit?  What 
takes  the  place  of  a  second  wire?  Where  must  the  ends  of  the  single  wire  be  placed? 
573.  Describe  the  plan  of  a  way-station.  574.  Explain  some  other  forms  of  telegraphs. 
575.  Explain  duplex  and  quadruplex  telegraphy.  576.  What  are  submarine  cables  ? 
Explain  the  Atlantic  cables.  577.  Describe  the  fire-alarm  telegraph.  578.  Explain  in 
detail  the  electric-magnetic  motor. 

579.  Expkdn  and  illustrate  induction  by  currents.  580.  Give  the  laws  of  induced 
currents.  581.  What  is  an  induction  coil  ?  Describe  its  construction  and  action.  589. 
Describe  RuhmkorfTs  coil.  Howiised?  583.  What  is  magneto-electricity?  Illustrate. 
584.  Describe  the  construction  and  action  of  the  magneto-electric  machine.  585.  Ex- 
plain electric  lighting  by  magneto-electricity.  586.  Explain  the  construction  of  Bell's 
telephone.  587.  Explain  its  action.  588.  Explain  the  microphone.  589.  What  is 
thermo-electricity?  590.  Explain  the  thermo-electric  pile.  591.  What  is  animal 
electricity?    Illustrate. 
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Aberration,  chromatic,  378. 

spherical,  Z3l,  350. 
Absorption,  16. 
Achromatic  combinations,  379. 
Acoustics,  169. 
Action  and  reaction,  30- 
Adhesion,  13. 

of  liquids  and  gases,  161. 
Agents,  physical,  3. 
Air,  compressed,  161. 
condensed,  149. 
expansion  of,  12B. 
pressure  of,  138, 

upward,  129. 
weight  of,  127. 
Air-pump,  142. 
Alcoholmeter,  116. 
Ampere's  law  of  electro-magnetism,  480. 

theory  of  magnetism,  482. 
Angle,  critical,  342. 

incidence  and  reflection,  33, 238, 323. 
visual,  316. 
Archimedec,  principle  of,  104-106 

screw  of,  121. 
Areometer,  Beaum^'s,  114. 
Armature,  418. 
Artesian  wells,  102 
Atmosphere,  126. 

buoyant  effort  of,  162. 
Atmospheric  inkstand,  163. 
Atom,  3. 
Aurora  borealis,  468. 

Balance,  69. 

hydrostatic,  106. 
Balloon,  164-166. 
Barometer,  132. 

cistern,  132. 

siphon,  133. 

used  in  measuring  heights,  137 


Barometer,  weather-indicator,  136. 

wheel,  134. 
Baroscope,  163. 
Battery,  electrical,  440. 
magnetic,  418. 
Toltaic,  or  galvanic,  464-470 
Beats,  173. 

Bellows,  hydrostatic,  90. 
Bodies,  aeriform,  4. 
brittle,  19. 
collision  of,  29. 
general  properties  of,  5. 
liquid,  4. 
solid,  4. 
Body,  3. 
Boilers,  285. 
Boiling,  259. 
Burning-glasses,  336. 
mirrors,  331. 

Calorescence,  378. 
Camera,  artist-s,  395. 
obscura,  393. 
Capillarity,  14. 
Capstan,  74. 

Carry's  dielectric  machine,  439. 
Centrifugal  force,  33 
Centripetal  force,  33. 
Chladni's  figures,  192. 
Chorda,  196. 
Clouds,  300. 

acoustic,  177. 
Coercive  force,  409. 
Cohesion,  13. 
Cold,  212. 

sources  of,  278. 
Color  and  pitch  compared,  380. 

of  bodies,  361. 
Compass,  413. 
Composition  of  forces,  26. 
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CompoDDd  lerer,  68. 
Compressibility,  10. 
Condensation,  268. 
Condenser,  air,  147. 

electrical,  43SI 
Conductors,  ^4. 
Congelation,  251. 
Coigugace  foci,  832,  350 
Cords,  65,  85. 
Crystallization,  253. 
Currents,  electric,  461. 

Declination  of  needle,  41 L 
Density,  4. 
Dew,  301. 
Dialysis,  18. 

Diamagnetic  bodies,  408. 
Diffraction  of  light,  36d. 
Discord,  196. 
DissolTing  views,  389. 
Distillation,  270. 
Divisibility,  9. 
Ductility,  20. 
Dynamical  electricity,  460 

Ear,  208 

►Jar-trumpet,  ISO. 
EbulUtion,  269. 
Eccentric,  292. 
Echoes,  176. 
Elasticity,  11. 
Electric  light,  473,  503. 
Electrical  battery,  440. 
chime,  443. 

current  and  magnets,  479-481. 
egg,  447. 

machines,  435-439. 
pendulum,  421. 
potential,  463. 
tfquare,  447. 
Electricity,  404. 

animal,  507. 

atmospheric,  454. 

by  induction,  432. 

chemical  effects  of,  451,  474 

conductors  of,  424. 

development  of,  421,  426. 

dynamical,  460. 

effect  of  points  in,  430 

Franklin's  theory  of,  425. 

frictional,  420. 

heating  power  of,  448,  473 

kinds  of,  422. 

law  of,  424. 

mechanical  effects  of,  450. 

on  surface  of  bodies,  427. 

physiological  effects  of,  451 ,472. 

Symmer's  theory  of,  425. 


Electricity,  tension  of,  429. 
velocity  of,  446. 
Electrifying  bodies,  427. 
Electrodes,  463. 
Electrolysis,  474. 
Electro-magnets,  486. 
Electro-plating  and  gilding,  477 
Electrophorus,  434. 
Electroscope,  421,  42a 
Electrotyping,  475. 
Endosmose,  17. 
Energy,  61. 

conservation  of,  280. 
dissipation  of,  283.      . 
transformation  of,  232. 
Engine,  fire,  158. 

steam,  284. 
Equilibrium,  42-45, 1-5  99. 
Evaporation,  255. 

causes  that  accelerate,  253. 
in  a  vacuum,  257- 
Exo.'tuiose,  17. 
Expansibility,  10 
Expansion,  law  of,  for  gases,  232 
liquid.^.  229. 
solids.  226 
of  liquids  and  gases,  215. 
of  metals,  214. 
Extension,  5. 
Eye,  397. 

Fabroni's  theory  of  electricity,  461. 

Falling  bodies,  laws  of,  48. 

Far-sigfatednen,  400. 

Fire-engine,  158. 

Floating  bodies,  106. 

Flotation,  106, 107. 

Fluid,  4. 

Fluorescence,  378. 

Fly-wheel,  290. 

Focus,  239,  830,  349. 

Fogs,  298. 

Force,  striking,  80 

Forces,  molecular,  13. 

Form,  5. 

Fountains,  101, 152. 

Fraunhofer's  lines,  364,  366. 

Freezing-mixtures,  254. 

Friction,  84. 

Frost.  301. 

Fulcrum,  65. 

Fusion,  249. 

latent  heat  of,  250. 

Galvanic  batteries,  464-470. 

effects  of,  472-475. 

multiplier,  483. 
QuWaui's  experiment,  460. 
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GalyaD<«ieter,  488. 
Gamut,  194. 
Gases,  126. 

absorbing  power  of,  244. 

adhesion  of,  161. 

density  of,  233. 

liquefitction  of,  271. 
Gauge,  mercurial,  144. 
Governor,  291. 
Gravitation,  37. 
Gravity,  39. 

centre  of,  41. 
specific,  100. 
Gyroscope,  36. 

Hail,  303. 
Hardness,  19. 
Harmonics,  193. 
Harmony,  196. 
Heat,  212. 

absorption  of,  211. 

conduction  of,  245. 

convection  of,  247. 

diffusion  of,  235. 

exchange  of,  287. 

expansion  of  bodies  by,  213. 

general  effects  of,  213. 

laws  of,  235. 

nature  of,  212. 

radiation  of,  235- 

sources  of,  276. 

specific,  273. 
Heliostat,  828. 
Helix,  482. 

Holts's  machine,  437. 
Horizontal  line,  40. 
Horse-power,  61. 
Hydraulic  press,  92. 
ram,  122. 
Hydrodynamics,  87 . 
Hygrometer,  296. 
Hygrometry,  295. 
Hygroscope,  296. 

Images,  325. 

by  concave  lenses,  355. 

by  concave  reflectors,  333. 

by  convex  lenses,  362. 

by  convex  reflectors,  335. 

by  plane  reflectors,  326. 

electrical,  444. 

multiple,  326. 

virtual  and  real,  326. 
Impenetrability,  7. 
IncHned  plane,  79. 
Induction  coils,  499. 

electric,  432. 
magnetic,  400. 


Inertia,  8. 
Insulators,  424. 
Interference  of  light,  368 
of  sound,  172. 

Jar,  Lcyden,  440. 
Joule's  equivalent,  281. 

Kaleidophone,  199. 
Kaleidoscope,  827. 

Lenses,  847. 
Level,  spirit,  100. 
water,  00. 
Lever,  66. 

law  of,  66. 
Leyden  Jar,  440. 

with  movable  coatings,  441 
Light,  812. 

absorption  of,  816. 
difl^raction  of,  360. 
intendty  of,  810. 
polarisation  of,  872. 
ray  of,  815. 
reflection  of,  321. 

total,  842. 
refraction  o^  837. 

double,  871. 
sources  of,  813. 
theories  of,  812. 
velocity  of,  817. 
Lighthouse  lenses,  866. 
Lightning,  454,  466. 
Lightning-rods,  467. 
Liquids,  4. 

adhesion  of,  161. 
boiling-point  of,  260. 
properties  of,  87. 
through  orifices,  116. 
through  pipes,  118. 
Lissajous'  vibrations,  107, 108. 
Locomotive,  292. 

Machines,  68, 

laws  of,  64. 
Magdeburg  hemispheres,  128. 
Magic  lantert  88SL 
Magnetic  battery,  418. 

bodies,  408. 

meridian,  411. 
Magnetism,  404. 

by  induction,  400. 
Magnetising  by  induction,  416. 

by  friction,  417. 
Magneto-electricity,  501. 
Magnets,  404. 

broken,  408. 

directive  force  of.  410. 
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Magneti,  law  of.  4C8. 

poles  of,  406. 
Magnitude,  5- 
Malleability,  20. 
Manometer,  287. 
Manometric  flames,  199. 
Mariotte's  law,  140. 
Ma^s,  4 

Matter,  specific  properties  of,  13. 
Mechanical  powers,  Co. 
Mechanics,  22. 
Media.  314. 
Melody,  196. 
Meter,  5. 

Metric  measures,  55. 
Microphone,  505i 
Microscope,  381. 

photo-electric,  389. 
solar,  391. 
Mining,  149. 
Mrage,343. 
Mirrors,  324. 
Mists,  298. 
Molecule,  3. 
Momentum,  28. 
Motion,  absolute,  22. 

accelerated,  23- 

laws  of,  23 

reflected,  32. 

relative,  22. 

retarded,  23 

simple  and  compound,  25. 

uniform,  22. 

varied,  23. 
Motor,  63 
Music,  183. 
Musical  interval,  195. 

scale,  194. 

sound,  182. 

Near-sightedness,  400. 
Needle,  magnetic,  410. 

dipping,  414. 

declination,  411. 

variations,  411. 
Newton's  laws,  23,  24,  30. 

rings,  368. 
Nodes,  189. 
Noise,  182. 

Ohm's  law,  468. 

Optical  instruments,  381. 

study  of  sounds,  197. 
Optics,  312. 
Osmose,  17. 
Overtones,  193. 

Papin's  digester,  263. 


Parachute,  166. 
Parallelogram  of  forces,  25 
Pascal,  experiment  of,  92,  131. 

principle  of,  88. 
Pendulum,  54. 

compensation,  OS. 
laws  of,  55. 

simple  and  compound,    5 
Philosophy,  Natural,  3. 
Phonograph,  209. 
Photographic  camera,  396. 
Physics,  3. 
Pipes,  reed,  204. 

sound  from,  202. 
with  fixed  mouth-pieces,  202. 
Pneumatics,  125. 
Pneumatic  tubes,  147 
Polarization  of  light,  372. 
Polyrama,  389. 
Pores,  9. 
Porosity,  9. 
Power,  63,  65. 

Pressure,  transmission  of,  88-91. 
Prisms,  345 
Projectiles,  52. 
Pulley,  77. 
Pumps,  air,  142. 

chain,  122 

forcing,  156, 157. 

lifting,  154. 

Sprengel's  air,  144. 

water,  154. 
Pyrometer,  224. 

Quality,  193. 

Radiometer,  243. 
Rain,  301. 
Rainbow,  375. 
Reaction  wheel,  90. 
Recomposition  of  light,  360. 
Reflection  of  heat,  237. 
©flight,  321. 
of  sound,  176. 
total,  of  light,  342. 
Refraction,  by  parallel  surfaces,  34£ 
by  prisms,  346. 
double,  of  light,  371. 
index  of,  339. 
laws  of,  339. 
Regelation,  251. 
Relay  instruments,  489. 
Resolution  of  forces,  26. 
Resonance,  178. 
Rest,  absolute,  22. 
relative,  22. 
R«v«?ultant,25,27. 
Rivers,  101. 
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RuhmkorfiTs  coil,  500. 

SaTart'8  wheel,  182. 
Screw,  82. 

SeDsitiTe  flames,  207. 
Shadows,  816. 
Shock,  electrical,  442. 
Signal  service,  308. 
Siphon,  159. 
Siren,  183-185 
Solution,  14 
Sonometer,  187. 
Sound,  169. 

in  a  vacuum,  173 
in  liquids  and  solids,  174. 
intensity  of,  179. 
pitch  of,  188. 
reflection  of,  176. 
refraction  of,  178 
velocity  in  air,  174. 

in  liquids,  175. 
in  solids,  176. 
Sounding  flames,  206. 
Sounds,  optical  study  of,  197. 
Sound-waves  in  air,  170 

coincidence  and  interferencd 

of,  172. 
combinations  of,  171. 
length  of,  186. 
propagation  of,  170. 
Spark,  duration  of,  446. 

electrical,  442. 
Speaking-trumpet,  180. 
Specific  gravity,  109. 
Spectroscope,  365. 
Spectrum,  359. 

analysis,  366. 
properties  of,  877. 
Spheroidal  state,  266. 
Springs,  101 
Steam-engine,  284. 

condensing,  289. 
varietieo  of,  284. 
Steam,  heating  by,  269. 

latent  heat  of,  265. 
power  of,  284. 
Steel-yard,  71. 
Stereoscope,  401. 
Stool,  electrical,  443. 
Stringed  instruments,  201. 
Surface,  level,  96 
Swimming,  108. 

Telegraph,  487-493. 

fire-alarm,  494. 


Telephone,  604. 
Telescope,  383, 387. 
Temperature,  217- 

absolute  lero  of,  225. 
Tenacity,  18. 
Thermo-dynamics,  280. 
Thermo-electricity,  506. 
Thermometer,  217. 

graduation  of,  218. 

method  of  making,  218 
Thermometers,  alcohol,  221. 

differential,  223. 
Thermometric  scales,  220. 
Thunder,  455. 
Timbre,  193. 
Tornadoes,  306. 
Torricelli'S  vacuum,  130. 
Tunnelling,  149. 
Turbine  wheel,  120. 

Vaporisation,  255. 
Vapors,  125. 

elastic  force  of,  256. 

hitent  heat  of,  264. 
Variation  of  needle,  411. 
Vertical  line,  40. 
Vibrations,  longitudinal,  190. 
Melde*s,  190. 
sympathetic,  191. 
transverse,  186. 
Vision,  mechanism  of,  399. 

distinct.  39a 

single,  400. 
Visual  angle,  316. 
Voice,  207. 
Voltaic  arc,  474. 

batteries,  464-470. 
Volta's  theory  of  electricity,  461. 

Water,  maximum  density  of,  280l 
Water-wheel,  119. 
Wedge,  81. 
Weight,  7,  41. 
Wheel  and  axle,  73. 

electrical,  446. 
Wheels,  train  of,  75. 
Wheel-work,  law  of,  76. 
Wind  instruments,  206. 
Windlass,  74. 
Winds,  304. 

velocity  of,  307. 
Work,  60. 

Zinc,  amalgamation  of,  468. 
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